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ABSTBACT

This report provides data and guide lines which ill enable

circuit designers to assess and design for the effects of radiation

on space Dower subsystems. Radiation effects on resistors, capacitors,

bipolar transistors, diodes, integrated circuits, NDSFEr's, SCR's and

other electronic components are included. In addition, a section on

catastrophic failure in semiconductors dealing vith latch-up and burn-out

is presented. Radiation effects on plastic and elastomeric materials

commonly used in space systems are given. Variou:! system and circuit

hardening concepts for the electronic circuit designer are presented.

Part II, a classified supplement not included in this volume, contains

information on the radiation environment, shielding techniques,

radiation effects on metals and alloys and solar cells, and ther'-

mechanical effects.
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1.0 INTRODUCTION

One ef the objectives of this program is to provide data and

guide lines (a handbook) which will enable circuit designers to assess

and design for the effects of radiation on space power subsystems. It

is assumed that the designers are not particularly knowledgeable in

radiation effects technology. Therefore, the proposed handbook will

contain, in addition to design data, a sufficient amount of background

and tutorial material to insure that the circuit designers are made

aware of the problems associated with designing circuits to operate in

a nuclear radiation environment.

The survivability of a apace power subsystem exposed to a

nuclear detonation depends on the interaction of the niclear radiations

with the components, circuitry, and subsystems. The significant

components of the nuclear radiations and their effects are illustrated

in Figure 1-1. Usually, the radiation effects of concern caused by

these components are:

* Transients due to ionizing radiation.

Permanent degraedtion due to neutron and ionizing

radiation fluence.

* Catastrophic failure caused by rate of energy

deposition.

The ionizing radiation is an intense radiation pulse of high

_ .se rate and short time duration. This radiation interacts with

ratter through the Compton, photoelectric, and pair production processes.

The interaction with the components and materials that constitute an
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electronic system result in charge redistribution throughout the

system. Currents will flow during this pulse and, in many cases,

continue to flow after the pulse terminates. Degradation due to the

radiation fiuence (integrated dose) to materials and components is due

to displacement of atoms within the material. The neutron component

is the predominant producer of displacements and affects semiconductor

materials in particular. The ionizing radiation can also cause

damage through high energy deposition resulting in catastrophic failure.

Typical radiation-induced system effects are shown in

Figure 1-2 and are classified below:

" Transient rate effect: In this case the electronic

response exhibits a time history which is characteristic

of the radiation pulse.

" Transient relaxation effects: This effect exhibits a

maximum change imdiately after the radiation pulse.

The relaxation effect then recovers from the disturbed

state with inherent system time constants. Circuit

and system recovery in this case may take milliseconds

even though the initial disturbance was Lreated by a

radiation pulse of less than a microsecond.

Direct and indirect permanent effects: P'--ct permanent

effects are due to material and componenL uaange within

the system and are not correctable or repairable in

times of interest to the system mission. Indirect

permanent effects include component burnout due to

high current transients (catastrophic failure). Other

indirect effects, such as those which might be observed

1-2
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in digital systems are those which cause an electronic

change which cannot be corrected (because of inaccessi-

bility) during times of interest for the system. For

instance, the change of state of a memory element or

digital control system is an indirect permanent effect.

This type of effect could be reversed or erased if the

system were accessible through manual or remote control.

The particular Lype of effect generated by the nuclear

environment will depend upon the specific operational mcde of the

system at the time of exposure. The significant transiert inter-

actions oczut in circuitry which is powered And operating at the

time of exposure. However, even without t.:=, currents are generated

(in any material) due to secondary electron emission and absorption.

The direction of these currents is uncertain because they depend on

the equilibrium established between electrone absorbed from the

incident radiation and electrons emitted from the exposed material.

Equilibrium condition is a function of the incident spectrum and the

geometry of the situation. Typically, for a fission gamma ray spectrum,

the emitted charge (q) can be calculated from the following equation:

Q - j A 5 x 10 - 1 3 (coulombs) (1-1)

where j = dose rate rad(Si)/s
2

A - exposed area in cm

This emitted charge can be replaced to a greater or lesser

degree by absorbing charge emitted from surrounding material. Circuit

equilibrium will be established b, a current flow. If the electronics

1-4



Sare powered, these replacement currents can -ause significant effects;

however, these effects may not be prime survivability factors in a

nuclear weapon environment; i.e., active semiconductor devices produce

photocurrents which are usually of much larger magnitude than the

replacement currents, even though the latter are important for inter-

preting enalytical or experimental results.
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2.0 DESCRIPTION OF COMPONENT EFFECTS

Figure 2-1 shows the relative threat to normal circuit opera-

tion of a wide variety of electronic components operated in an ionizing

radiation environment. Both active and passive components exhibit

transieL. responses as a function of high dose rate radiation pulses

due to internal and external ionization leakage and scattering as a

result of Compton and photoelectric effects.

Figure 2-2 shows the threat to circuit operation of similar

electronic components exposed to fast neutrons. lAttice displacements,

due to accumulatgd neutron dose, cause permanent parameter degradation.

Both Figures 2-1 and 2-2 show passive components to be less

sensitive to the radiation environment. Within a given type of

component, a choice should be made to select the technology or

construction technique least affected by the environment. kor

instance from Figure 2-1, solid core carbon composition resistors are

superior to carbon film air core resistors. Active components are by

far the most sensitive to transient and total dose ridistion effects.

Semiconductors are the most sensitive of the active components, but

utility, space, and power requirements dictate that semicoaductors

be used in most system designs. Radiation effects in semiconductors

must be minimized by careful component selection and circuit designs

that consider the magnitude of compvnent responses and effects.

One of the most important component electrical parameters

effected by radiation is the transistor current gain parameter .

Figure 2-3 illustrates the effects of neutron damage to a representa-

tive unhardened system. The system damage coummences at a neutron

fluence less than I0I I n/cm2. Approximately 18% of the transistors

2-i
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fail (5qm loss of ) at 10 12 nica2 (these types of devices are power

transistors with a gain bandwidth product (f,.) of less than approxi-

mtely 10 FMz.) Devices of this frequency and power range are

generally ased in power subsystms.

2.1 Resistors

Resistors exhibit transient responses due to external ioniza-

tion leakage in the mterial surrounding (or inside) the resistor, and

the charge scattering into or from the resistor material results in

net r-placment currents. These effects are illustrated by the model

in Figure 2-4. The replacement current is represented by the current

generator (I) injected into the center of the resistor and the

ionization is represented by a radiation induced shunt leakage

resistance (Rs ). Representative expressions for calculating worst

case I and R for two types of resistors are shovn. lThese resistor
types represent tha worst (metal film) and best types for use in a

radiation envircnAknt.

Resistor effects and some general guidelines are suarized

below:

Resistor effects persist only during the radiaticr, pulse.

Resistor effects will generally be negligible in any

circuitry under consiejration since semiconductor

effects will normally predominte.

No permanent damage to resistors will be sustained due

to ionizing radiation or neutron fluence in most

environments.

2-4
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)

. Potting materlal will reduce the leakage effects. The

values of Rand the expressions for calculating Ra

listed in Figure 2-4 are for the worst case condition (air

environment).

" Use solid core carbon composition resistors wherever

possible.

" Use the lowest valves of resistance possible consistent

Aith power considerations.

" When metal film or wire wound resistors are necessary,

use solid rather than air core spool types.

. The current (I) may flow into or out of the resistor.

2.2 Capacitors

Capacitors exhibit ionization leakage and replacement current

effects due to Ionizing radiation similar to the effects in resistors.

A capacitor model and representative worst case parameters are shown

4n Figure 2.5 .tThe replacement current is represented by the current

generator (1) on each side of the capacitor and the ionization is

represented by the radiation induced leakage resistance (RL).

Capacitor effects and general guidelines for capacitor selec-

tion and application are summarized below:

The major ionization leakage and replacement current effects

persist only during the radiation pulse. Some long term

leakage effects persist for time periods after the irradia-

tion and may be significant in some cases.
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• Potting material will reduce capacitor effects by

decreasing injected currents.

. ica, ceramic, glass, tantalum oxide, mylar, aluminum

oxide, and vitamin Q capacitors are best choices.

Ceramic is the best choice for small capacitors and

tantalum oxide is the best choice for large capacitors.

. Keep capacitor values as low as possible and capacitor

voltages as low as possible consistent with design

goals.

. The voltage change on a capacitor due only to Internal

leakage will be relatively small. Voltage change can

be calculated from the following expression:

V = V exp(- x/x ) (2-I)0 c

where V = voltage remaining after the radiation pulse

V = initial voltage

x = absorbed dose in rad(Si)

X a 105 for mylar and 106 for ceramic and mica capacitors

c9

For example, at a dose rate of 5 x 109 rad(Si)/s and a pulse width of
.00015

30 ns the voltage change is negligible since V - V e f V 0i11 0 o

Even at a dose rate of 5 x 10 rad(Si)/s the change in voltage for

ceramic capacitors is only 27..

2-7



2.3 Bipolar Transistors

2-3.1 Calculating Transient Effects (1.2,3,4)

During exposure to a high dose rate radiation pulse, the

predominate effect in semiconductors is due to internal Ionization

effects. This internal ionization results in the creation of hole-

electron pairs and effectively produces an internal current generator

whose magnitude is dependent on the incident radiation level. The

radiation-induced current is referred to as primary photocurrent

(i pp) and is observed as the change in the leakage current (AICBO )

which flows across a reverse biased collector-base or diode junction.

For bipolar transistors, a secondary photocurrent also occurs. This

is the co lactor-emitter current that flows as a result of i beingpp
multiplied by the transistor current gain.

An additional effect in bipolax transistors, defined as

radiation storage time (t sR), occurs when the transistor is driven

hard into saturation. Saturation will continue in this case after

the radiation pulse terminates. The prolonged saturation tie is tsR.

These concepts are illustrated in Figure 2-6. A simplified

equivalent circuit for an NPN transistor in radiation-induced satura-

tion is illustrated in Figure 2-7. The primary photocurrent (I pp)

splits into IX and AYB at the point of injection. The current

division will depend on the impedances in the two paths. The

collector current will be limited at saturation by external circuitry,

and any overdrive available in ipp will extend the saturation time by

tsR. Note that I X may serve as a forcing function to excite external

reactive circuitry and prolong the disturbance for times longer than

thuse due to radiation pulsewidth and tsR. In circuits containing
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FIGURE 2-7 Simplified Equivalent Circuit of an NPN

Transistor Under Irradiation
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high impedances in the base circuit, most of i will flow into the

transistor. Note that the transistor saturation is usually independent

of base circuitry. An effective way of reducing the saturation effect

is to use a radiation controlled current sink on the transistor base

which effectively makes i pp- > AIB .

From a design standpoint, photocurrent generation is signifi-

cant between 10 and 1012 rad(Si)/s. At high radiation dose rates

(1012 rad(Si)is), photocurrents generated will cause saturation of

nearly all circuits. At 108 rad(Si)/s photocurrents in low-level,

high-speed devices will be 10 microamperes or more as illustrated in

Table 2-1.

TABLE 2-1 Typical I at 108 rad(Si)/sPP

Device i

Fairchild Developmental TTL Device 10 microamperes

2N2369 14 microamperes

2N2784 30 microamperes

2N709 40 microamperes

2N918 65 microamperes

2N914 150 microamperes

IN2222 1.4 milliamperes

Tecniques are available for predicting tsR and pp

for 1(w power transistors. i is a linear function of dose rate andPP
taR is an exponential function of dose rate. The radiation parameters

i and tsR are predicted using device electrical parameter (stored
2pp-1
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charge or storage time, avalanche vwltage, and capacitance vs voltage

parameters) values.

For example, transistor equilibrium photocurrent (pp C ) is

related to transistor high-current storage time (ts) by the following

equation (PC < 0.8 W)'':

Sp zsACBO K X 8 (t + .03) (2-2)
0.83 x 10

where: ICBO is the radiation-induced change in collector-base

leakage current in mA

is the radiation dos,- rate in rad(Si)/s

t is in is and measured with IB = 100 mA, 5 Il pulse;

ICS =80 mA

K - 1.0 mA/rad for Si NPN planar and mesa transistors,

2.0 mA/rad for Si PNP planar and mesa transistors, and

4.0 mA/rad for Ge PTNP mess transistors (PT < 0.8W)

Statistical confidence levels have been established for the

Si NPN prediction constant, K. For PNP devices, the constants have

been developed from theory and limited experimental data. For Si NPN

transistors, Equation 2-2 will predict equilibrium photocurrents within

30 to * 60 percent of the true value. This accuracy can be compared

with the * 10 to * 25 percent accuracy for an actual photocurrent

meab ,rement, referenced to a given radiation rate. For a given rate,

actual photocurrents produced by a given type transistor may range

over more than a 4 to 1 spread.
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"ransistor and diode equilibrium and nonequilibrium photo-

currents can alo, be predicted from device electrical paramaters using

the following techniques (4)

Measure capacitance versus voltage characeristics. Plct

capacitance versus junction voltage data using lo&-log scale

(Junction voltage a reverse bias voltage at terminals plus junction

energy gap voltage of 0.72 volt). Determine logarithmic slope (b)

as follows :

b -= ,10C0 2 -190C (2-3)

Measure dc avalanche voltage (VA) at 100 uA reverse leakage

current. Calculate junction voltage at avalanche (VB)

V -VA +0.72 (2-4)

Using Figure 2-8 enter at the V value and slope (b) from
B

step 1. Read depletion width at VB a 1.0 volt (w1).

Calculate Junction area, A,

C wC1w1

A (2-5)
0

*The term junction refers either to the diode junction or to the

transistor collector-base junction.
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where K K (Si) - 1.044 pF/cm

Determine minority carrier lifetime. Measure Junction stored

charge (Q) for a forward current of 0.1 a (use method 4061 of

MIL-STD-750) as noted by Reference 4. Read lifetime (-0.1) using

charts of Figures 2-9 and 2-10.

For diodes, if -0.1 20 microseconds, measure junction

storage time, t s using the test setup in figure 2-11. The storage

time measurement technique differs from the usual diode reverse recovery

measurement arrangement in that the diode is quiescently in the reverse

biased condition and is turned on by tLe input pulse. This method

allows use of higher forward currents without damage to diodes since

the average current is much smaller than in the usual arra Aement.

Using the measured t6 calculate lifet.!me (r ) from the relation

t
- If r)]2 (2-6)

rf " T _

For transistors, if 'o.l< 160 ns, measure collector-base storage time

(tad), and calculate -sd using Equation 2-6. This combined T (or rsd)

and -0. method maximizes the accuracy of prediction and the simplicity

of measurement.

Calculate diffusion length, L

(2-7)
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where D is the diffusion constant (D - 129 c */ for intrinsic

silicon). Use -0. or Ta. For highly dopvd devices, the diffusion

constant muat be corrected for the efff.,ct of the impurity concentra-

tion, i.e., determine the effective D. The correction will probatly

be negligible for diodes with VA > 500 volts. Reference 4 gives an

iteratiw. procedure to determine the effective D, and hence the

effective L.

Calculate depletion width (w) at the voltage of interest

V a w v b  (2-8)

where VB - rev.rse bias terminal voltage plus 0.72 volt

Calculate i
pp

i -g [ + L -r~t-M w +L erf .T(t t (2-9)
pp V *

-6
where qg 6.36 x 10" Y

For silicon material, t - radiation pulsevidth, and y - absorbed doseD

rate in rad(Si)/-, when

t >> , i pp - equilibrium photocurrent & CB0 (for trmnsisLors)

- qgA(w + L).

2-18



I
For corrections for transistor I predictions, at times lessPP

than the effective minority carrier lifetime in the collector (t < r),

the collector-base diffusion component (ipp base) becomes important.

Nonequilibziua photocurrent calculated from Equation 2-9 for t c r

should be corrected by the addition of i (base). The i (base) Is

given by

ipp(base) - (9.458)(10) "5 YA VTeamperes (2-10)

or

(2.21zo 5

I pp(base) a (.2- 5 A, amperes (2-11)

PPT

T is the corrected base transit time in seconds measured with the
a (5)
transit time bridge described by Asher. fT is the measured gain

bandwidth product of the transistor in Hertz. ' is the dose rate in
2

rad(Si)/s and A is the Junction area in cm2 .

Radistion-induced photocurrent in transistors tends to turn

the transistor ON. At a critical dose rate level, the transistors used

in most circuit applications will saturate due to secondary photocurrent.

The extension of saturation time (beyond the radiation pulsevidth) has

been defined as radiation storage Lime (taR) and can be predicted using

the following techniques(2).

The transistor model in Figure 2-12 describes transistor

operation in the saturation cord ition. The effect of radiation is ta

charge the storage element (S). This charge at the end of the radiation
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i

pulsevidth (tp) is :

'" " ICS + I + 1 (2-12)

where

1 - collector minority carrier lifetime

U CBO equilibrium photocurrent

I - collector saturation current

IBZ = base current at end of radiation pulse.

Storage time will persist untill % discharges to zero.
Storage time is calculated from the following expression:

% I CS + IB2

tsR a rln[ hE+ B2 (2-13)
CS + B2hFE + 1 IB2

A nomograph developed to solve Equations 2-12 and 2-13 is

shown in Figure 2-13. Also included in this figure is a chart relating

open-base storage time (t sR*) to the transistor electrical storage

time, ta (at IB 100 mA, 5 s pulse, and IC - 80 mA.

The procedure for deteLm-ning tsR is: I) measure electrical

storage time ta; 2) measure pulsed hFE at Ic - 20 mA; 3) calculate

Icb and 1B2 for the particular circuit of interest; 4) enter nomograph
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and calculate teOR at the dose rate and pulsevidth of interest; and

5) if I and are not constant, circuit equations mst be integrated

and solved for time to discharge Q."

2.3.2 Calculating Permanent Effects

Bipolar transistors are particularly susceptible to neutron-

induced permanent damage. The damage threshold for most low-frequency

high-power transistors will occur between I x 10 1 and I x 1012 n/cm2 .

Transistor parameters will be affected in the following manner:

" fT - will not change significantly for most transistors

VBE - will increase

" VSAT - will increase

" Ico - will increase

" hyE - will decrease

The most significant change Is the decrease in h., produced by

the decrease in base minority-carrier lifetime. Recombination in the

base region increases resulting in a decrease of the number of carrters

injected from the emitter that reach the collector. After exposure to

1 x 1012 n/cm 2 some power transistors may have less than 10. of their

initial h FE remaining. High frequency, low-power transiators

experience the smallest hFZ degradation. The increases in V B, VSA T

and Ico will not besignificant at 1 x 10 n/cm2 .

Bets, or current gain capability, is b far the most
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seriously degraded parameter for power circuits. This is Illustrated

in Figure 2-14p which shows measured beta degradation curves as a

function of accumulatad neutron dose for the 2N1016, 221613 and 2N2784

transistors. These transistors have power ratings of 150 watts, 0.8

watts and 0.3 watts respectively. Note the characteristic shape as

the high power devices suffer beta degradation at los.-r neutron

doses than do the low power devices.

An approximate expression for the transistor current-gain

degradation is given by:(1,6)

Of - 1 (2-14)

0i 1 +(17.0 x 10-6

fT

where Of is the device current gain after irradiation,

5is the device current gain before Irradiation,

9P is the neutron fluence in n/cm2  energies > 10 keV

fT is the device current gain-bandwidth product.

Note the dependence of 0 degradation on the gain-bandwidth product (iT).

2.3.3 Estimating Transient Effects

Since transient radiation responses can be correlated to

certain transistor electrical and/or geometrical parameters, a series

of graphs have been developed ( 7 ) which make it possible to estimate

radiation responses. These graphs are derived from experimental data.

The curves have an accuracy of better than one order of magnitude and

should provide valuable information to the design engineer.
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Figures 2-15, 2-16 and 2-17 provide estimates of primary photo-

currents ipp as a function of fT and transistor power ratings (PC. The

PC is the rating at 25°C S temperature. Figure 2-15 should be used

for silicon transistors rated at or below 2.5 watts. Also remmber

that i is directly proportional to dose rate ( to-- 1010 rad(Si)/s)PP
and estimates of i my be scaled accordingly. At rates higher than

10 10 rad(Si)/s predictions are subject to increased error. Figure 2-16

should be used for silicon transistors rated at 3 watts or greater and

Figure 2-17 should be used for estimates of I for germanium transistors.

Figuces 2-18, 2-19, and 2-20 provide estima:es of radiation

storage time (tsR) for silicon and gerunnim transistors at a dose

rate of approximately 6 x 109 rad(Si)/s. Figure 2-18 should be used for

low power silicon transistors with PC less than 3 watts and Fiiare 2-19

for silicon transistors with Pc greater than 3 watts (240C case). Note

the dependence of radiation storage time on fT" Figure 2-20 provides an

esimate of tsR for germanium transistors as a function of PC

Table 2-2 lists the measured I of various transistors at
pp

three bias voltages. Table 2-3 lists the measured ipp and t5R for 45

transistors (average of six samples). Appendix 1.0 is a tabulation of

transistor radiation effects data.

2.3.4 Estimating Permanent Effects

Neutron-induce6 permanent degradation of transistors can be

eatimated using Figure 2-21 which shows normalized hFE as a function

of neutron dose for ft's of 1, 10, 100, 1K wIz. This graph was constructed

by solving Equation 2-14 for the respective fT'a at various neutron doses

and will provide data for the design engineer of all transistors of better

than + 50. accuracy. This, 'y knowing fT and the expected neutron dose

the decrease in h FE can be vredicted.
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TANS 2-2 Measured Tr istor qaiLlibritu Photocurrent(7

Ofasured Squilibrium i at 3.0, 6.0 and 15.0 Volts)

Trawistor i Equilibrium ipp (xA) @ VBB (volts) -x 108
no Type rad (Si)/sec 3.0 6.0 15.0

1 2X3242A 0.545 2.44 2.47 2.60
2 0.538 2.48 2.51 2.55
3 0.550 3.61 3.70 3.81
4 0.542 3.09 3.16 3.36

5 0.480 2.96 2.99 3.20
6 0.500 2.80 2.87 3.07
7 0.485 2.27 2.31 2.33

8 21835 19.9 1.34 1.41 1.64
9 20.0 1.84 1.97 2.20

10 20.0 1.91 2.04 2.41
11 19.7 1.43 1.56 1.77

12 19.2 1.77 1.84 2.21
13 20.0 1.77 1.90 2.07
14 21.0 1.760 1.83 2.16

15 2N95 0.500 1.21 1.23 1.28
16 0.500 1.23 1.24 1.2,'
17 0.500 1.11 1.13 1.21
18 0.500 0.880 0.920 0.960
19 0.500 1.07 1.09 1.13
20 0.508 0.947 0.967 0.993
21 0.485 0.833 0.900 0.967
22 2N2222 0.555 1.08 1.13 1.15
23 0.490 0.967 1.02 1.10
24 0.550 1.29 1.31 1.51

25 0.500 1.25 1.28 1.47
26 0.538 1.13 1.15 - 1.27
27 0.588 0.953 1.01 1.09
28 0.512 0.947 0.96C 1.01

29 2.916 0.500 0.393 0.396 0.433
30 0.488 0.375 0.388 0.408
31 0.500 0.437 0.450 0.464

32 0.517 0.461 0.501 0.541
33 0ou12 0.459 0.477 0.517
34 0.473 0.395 0.408 0.453
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TANL 2-2 (Coutmnd)

Qigasured Equilibrm i at 3.0, 6.0 and 15.0 Volts)

Transistor i Zquilibrium £p (nA) @ VS,(rits)
x 10 8

Nio. Type e (8)/sec 3.0 6.0 i5.0

35 2N2938 19.5 3.79 4.45 4.99
36 19.5 2.80 2.93 3.28
37 20.0 3.87 5.20 6.27
38 20.8 4.00 4.13 4.40
39 20.5 4.35 4.48 4.93
40 20.5 4.53 4.93 5.15
41 20.5 4.57 4.77 5.15
42 21708 19.9 8.60 9.13 9.93
43 20.1 8.80 9.33 10.1
44 20.2 10.3 10.7 11.6
45 20.5 11.3 12.0 13.0
46 21.0 9.67 10.3 11.0
47 19.5 15.3 16.4 16.9
48 2N930 0.500 1.88 1.91 1.99
49 0.495 1.88 1.90 1.95
50 0.500 2.07 2.08 2.15
51 0.500 2.24 2.32 2.35
52 0.500 1.96 2.00 2.12
53 0.500 1.50 1.52 1.57
54 0.468 3.53 3.64 3.80
55 21711 0.545 3.87 4.00 4.13
56 0.525 3.57 3.71 3.84
57 0.525 4.75 4.83 5.15
58 0.550 3.89 4.03 4.21
59 0.550 4.27 4.AS 4.80
60 0.525 5.47 5.55 5.63
61 0.462 4.48 4.56 4.61
62 2N3648 19.9 4.83 5.09 5.63
63 20.0 5.15 5.55 5.81
64 23.9 3.60 4.11 4.72
65 20.1 4.96 5.23 5.49
66 20.0 4.27 4.72 5.07
67 19.9 4.59 4.85 5.25
68 19.5 7.32 7.73 8.19
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Table 2-2 (Continued)

06asured ,"t11brium 1. at 3.0, 6.0 and 15.0 Volts)

Transistor Y Equilibrium ipp (Mt) @ Vas (volts) -

x 108

No Type rad (Si)/sec 3.0 6.0 15.0

69 21918 20.3 2.92 3.99 4.99
70 '0.0 1.69 1.79 1.95
71 20.0 2.65 3.45 4.45
72 20.3 1.76 1.89 1.96
73 20.8 2.20 2.37 2.44
74 19.5 3.52 3.71 3.92

75 2N697 0.512 0.520 0.555 0.627
76 0.505 0.413 0.427 0.480
;7 0.500 0.336 0.355 0.389

78 0.550 0.371 0.411 0.424
79 0.525 0.333 0.381 0.408

80 0.550 0.405 0.459 0.520
81 0.500 0.443 0.456 0.499
82 2,N1613 0.500 2.27 2.33 2.40
83 0.550 2.15 2.28 2.35
84 0.545 1.99 2.03 2.05
85 0.512 2.03 2.07 2.09
86 0.550 2.31 2.35 2.44
87 0.550 1.85 1.89 1.95
88 0.508 1.99 2.02 2.05
89 2N3498 0.525 6.00 6.27 6.67

90 0.525 4.24 4.51 4.64
91 9.525 4.40 4.59 4.9.,

92 0.500 4.00 4.48 4.67
93 0.545 3.87 4.35 4.40
94 0.500 3.87 4.13 4.40

95 0.488 3.31 3.35 3.37
96 2N1893 0.550 3.45 3.52 3.72
97 0.512 3.47 3.60 3.73

98 0.500 3.95 4.03 4.08
99 0.510 3.44 3.71 3.91

100 0.525 2.90 3.04 3.07
101 0.500 4.17 4.37 4.41

102 0.512 3.53 3.67 3.77
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Table 2-2 (Continued)

(Measured Equilibrium i at 3.0, 6.0 and 15.0 Volts)

Transistor Equilibrium ipp (mA) @ V., (volts) -x 108

No Type rad (Si)/sec 3.0 6.0 15.0

103 213511 20.0 5.57 5.84 6.16
104 19.7 5.84 5.97 6.16

1G5 20.0 4.77 4.90 5.25
106 19.7 4.59 4.77 5.12
107 19.7 4.27 4.53 4.93
108 18.9 4.48 4.67 5.01
109 20.0 4.85 4.93 5.17
110 2N744 20.5 0.967 1.07 1.13
111 20.0 1.13 1.18 1.29
112 20.2 1.23 1.30 1.43
113 20.8 1.17 1.27 1.40
114 20.0 1.65 1.72 1.85
115 19.5 1.50 1.83 2.10
116 20.3 1.37 1.45 1.65
117 2N706 19.5 5.20 5.73 6.27
118 19.6 14.13 15.3 16.13
119 20.5 10.67 11.7 12.00
120 20.5 14.00 15.0 16.20
121 19.7 11.20 11.9 12.73
122 20.8 13.3 1.20 14.7
123 2N2481 20.0 1.73 1.93 2.09
124 20.0 1.45 1.55 1.65
125 20.0 2.41 2.95 3.21
126 20.7 1.41 1.45 1.51
127 19.5 1.59 1.62 1.67
128 20.5 1.23 1.29 1.37
129 20.3 1.63 1.70 1.79
130 2N718A 0.500 2.09 2.19 2.23
131 0.500 1.71 1.75 1.77
132 0.500 2.92 2.96 2.98
133 0.500 2.43 2.47 2.49
134 0.500 3.00 3.04 3.07
135 0.500 2.43 2.47 2.49
136 0.485 1.87 1.91 1.947
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TABLE 2-3 Measured Transistor hotocurrent And
Radiation Storage Time( 3 ,4)

fts&**@ 8 pp**-

T 5xl09rd(SL)/s 10 rad(SL)/s PC
Type fr Description OZ) ( Ik ) ( ) (INA)

2M174 WCA G. 1P AJ 3 *.O1 150 5430 150,000
211329A lay SL 13P AJ *.5 5.76 43.2 380
21329A Ray Si P31 "MKxa" 2.0 1.07 1.07 380
2N338 ER Si UPS GJ 2.0 3.97 6.00 125
23338 G2 OL NlN GJ *20 7.09 0.764 125
23404 ERT Ge I3P AJ 3.80 18.9 150
230 RQ Ge 1P AJ *.13 2.48 13.5 150
0559 W E Ge U1 P S 300 1.18 2.58 --

23697 GE SL 311 PL 50 5.15 6.16 2,000
25700A Not Ge phIHS 500 0.95 3.14 --
2N705 Syl Ge PUP HE 300 0.25 0.564 150
23706 VCA Si NP3 Y-- 350 0.024 0.085 1,000
2.N708 Not Si N1P31S 300 0.024 0.167 1,200
2N708 RCA Si ?Nl PR 300 0.017 0.096 1,200
2N709 Syl Si NP Pg 600 - 0.045 500
2X718A TRW Si 13 PL 60 6.72 10.9 1,800
2N720A TRW Si N11 PL 50 5.75 11.3 1,800
23732 Not Si PUP PE 120 1.31 4.45 1,500
2N760A Tns 9i NPN PL *.65 6.38 3.39 500
23834 mot Si N1 ME 350 0.037 0.136 500
23834 USC Si FU ElP 35: 0.099 0.340 500
23852 TI Si N1 ME 300 0.0293 0.125 300
2N914 Ray Si 313 PC 300 0.0733 0.173 1,200
21916 TIN Si 331P 300 0.042 9.494 1,200
2N918 Aml Si NP L 600 - 0.066 300
21918 mot SL NPN PC 600 0.390 0.289 300
21930 Awl Si NI' PL 30 4.55 1.92 300
23930 NSC Si NP! IL 30 7.63 3.87 300
21964 Syl Ge PIP "1 1-60 0.123 0.405 300
211132 Syl Si 13P PS 60 1.51 2.98 2,000
2N1845 RCA Ge PIP AJ 3 .12 24.0 413 7,500
21195 WE Ge PIp MS 550 1.51 5.73 250
211490 lax Si NPH MS 3 *.04 21.5 2160 75,000
2N1499A Spg Ge PIP "HAM" 100 0.23 0.786 60
2N1500 Spg Ge PUP "NADT" 120 0.13 0.679 60
211613 Al Si m IL 60 4.44 7.54 3,000
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TABLE 2-3 (Continued)

t a**t. £ **tsIt pp

f( 5xlO9rd (S)Is 108 ra"(Si)/s P
Type )tfr Description (MHz) (is ) ( ) ( J )

2N613 GI Si NPM PL 60 3.38 5.82 3,000
2N1893 GE Si m PL 50 9.02 15.7 3,000
232222 Not Si 313 PE 250 2.59 2.30 1,800
2N2222 NSC Si ON3 PE 250 2.76 2.51 1,800
2N2222 Spg Si NIN PE 250 2.43 1.62 1,800
2N2369 Tug Si NI1 PE 500 - 0.043 1,200
232481 GI Si 313 1s 300 0.065 0.165 1,200
2N2784 Syl Si 313 PE 1000 - 0.035 300
2N2855 SSF Si 313 PE 60 9.36 40.5 5,000

* f

** Average Value of Six Camples

AJ - Alloy Junction MS - Mesa
GJ - Grown Junction PE - Planar Spitaxi.al

EP - Epit&xial IL - Planar

ME - Mesa Epitaxial
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2.3.5 Surfa" Efxects

Exposure of a semiconductor device to high energy radiation

results in two funametal effects that can affect both surface and

buik. The first is associated with the electronic structure of the

atom of the material and the transfer of the incident radiation to

the structure. This energy transfer in turn results in excitation and

ionization of the atmic electrons that can be allowed by a range of

physical and chadcal effects in the material of the device. The

second effect produced by incident high energy radiation is the actual

displacement of atom from their normal position in the material lattice

structure. This can occur, for ezxeple, in the collision of a fast

nestron with a lattice atom in which the kinetic energy transferred

to the lattice is sufficient to overcome the energy with which it is

bound in the lattice. While the two effects are thus fairly distinct

they are aot unrelated. The displaced atom, for example, produced by

tte fast neutron, will ionize the macerial as it loses its kinetic

energy. Again, there is evidence that in ionic crystals, an initial

ionizing event, produced, for example, by the interaction of a high

eneigy photon glth an atomic electron, leads to the production of a

displaced atom from a repulsion effect.

Early investigations of the effect of high energy radiation in

seaconductor devices, dealt almost exclusively with the effect of bulk

displacements on transistor gain. With the failure of the Telstar

satellite in 1962, 8 )hovever, and the explanation of the effect as a

result of surface radiation damage in transistors in the coamand

circuits, resulting from the ionizing effects of space radiation,

attention was dire,.ed to the problem of radiation induced surface effects.
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Mate present La states at a semnconductor surface, will,

depinlo upa the polarity of the cbrge, attract or repel mobile

torge carriers from the bulk. This rearrangant of charge leads

to on of three conditios. In the first, a depletion region is formed

just uder the surface, ia which the mobile charge carrier density is

reduced from that in the bulk, in effece I X P 'nigh resist.vicy

region adjacent to the surface. In the second condition, uwkch is a

further progression of the first, the depleted regiso develops a sub-

region nt to the surface that coasist of a conducting layer ,.f

charge opposite to that of the bulk. As an example of this comsidcr

an N-type semiconductor. The presence of a negative surface caarge

repels electroes from the surface regions le&viag a space char.e (the

depletion regns) of positive donors "depleted" of electrons. For a

sufficiently large negative surface charge, holes will be attracted

to the surface and will forn the. inverted coductiug layer. The -

third condition results from a surface charge polarity that. attracts

rather than repels majority carriers. The resulting enhAced conducting

layer at the surface is termed an accumlation layer. For ecasple in

an X-type semiconductor, the accumulatiou layer, consis'ts of electrons £

foinsing a low resistivity conducting region next to tbh surface, that

acts to shunt norm! bulk carrier notion, degrading device performance.

2.3.5.1 ftsaivated and Unnassivated Devices

The grown junction, the alloy junction transistor and subsaquently

the mesa are examples of the unpassivated semicondtctor device. In

these devices the state of the surface generally vas uncontrolled and

junction interfaces were exposed to the ambient. It is characteristic

of the unpassivated surface, that in anything but a very clean vacuum,

it will tend to pick up a number of atomic layers of the ambient,

usur.-ly oxygen. As a result of thits process, surface states,
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representing potent!-l electron or bole trappin, sites are produced

at the semicomductor surface. These have been icmad ufasto states,

since they can Interchange charge rapidly with the bulk, fast

representing relaxation times of the order of 10-7 secos. In

addition to these states, other states, temed "slo" states will also

fore that are associated with foregin ions that are found ia the semi-

conductor surface. The importance of these states is that they can

directly control the electrical character of the device surface and

consequently transistor pin and junction leakage currents.

In the passivated device (9) as typified by the contemporary

planar and planur-opitaxial transistor, those deleterious effects were

prcfond-'y modified. For ;L' device the silicon surface in covered by

a aeliberately grown layer of oxide about 1C3 to 104 A in thickness.

This has the effect of isolating the semiconductor surface fros the

ambient, thus passivating it. Tid a study made by Atalla, (10) oxides

grown at a teapermture of IOOO' in dry or wet oxygen were stable over

long periods of time. Heas-i-' idicated that there were no

effects from slow surface state6 ano in the presence of either wet or

Jry nitrogen no shifts in surface conductivity resulted from the

introduction of slow states. On the other hand, as in the case of

the unpassivated surface, fast .tates are pres.-t with surface densities
10 11 -2

of the order of 10 - 0 cn. Thus, the addition of the passivated

layer generally improvee unirradiated device performance by simply

isolating the silicon surface under the oxide, from the ambient

produced slow states. The result is a very low ICBO and a sore stable

gain. The growth of the silicon oxide also improves emitter efficiency
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2.3.5.2 Radiation Effects in the Unpassivated s

In general, unpssivated device response to radiarzic is

complicated, with the results depending iu varying degrees upon

man acturing processes. This accounts for the fact that particular

d.-Fre types from different manufacturers will lack unIformity in

their respooss -- radiation. The evidence appears t" indicate,

however, thaL th. 'edominant effect of ionizing radiation in the

unpassivated device is the formation of a conducting channel that

is associated with a particular type of conducting lover as previously

described. As discovered *y Brown, ( I)an anomalous leakage current

can flow in an M structure as a result of conductivg channel, in the

form of an N-type inversion layer, across the P-regicn. This leads to

a current paralleling that uf r e =ain junction current but due to a

flow of the same conductivity type as the emitter and collecior end

regions. In the presence of radiation the channel will form as a

result of the ionization of the ambient, the resulting ions diffusing

or driftIng to the semiconductor surface as . result of the fringing

electr "' fields present at an exposed reversed bis
= junction. (12)

This effect, occuring at the collector base Junction in a msa device,

was Invoked by Blair(1 3)" in accounting for device malfunction in the

Lelstar satellite.

Tu general, the surface effect 1r, *!%e unpassivated device will

be evident for radiation doses of the order of 103 rad(Si) as compared

to 107 rad(Si) for the bulk effect. Saturation will occur at doses of

the order of 107 rad(Si) for the surface effect. (12) Experiments show

that reverse bias leakage current for diodes and ICB0 and h. for

transistors are the parameters most susceptible to the radiation surface

effect.
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In the diode, leakage carreat can iucLn-ase several otaera -f

14-
.tW e. and ay my not saturate. In the transistor. I;'M

ex:ibits a sirilar basaAor. Cmmon emitter eurent Sain (h) dcreaes

with tadiat.-c exporare. Lecovery can oir. hever, and is enhanced

by bakiag, :v", application of fov.Yard biasir:, or exposure to radiation

without bias.

Since the collector junction bias pia, a role in th formation

of the radiation induced channel, a strong dependence of Icoo in applled

bias should be observed. This was observed by Peck ( 8 ) who demonstrated

that a combination of both bias and radiation is necessary to produce

A.iCO de&gradati~r. Geerally, it was found that for a given radiation

dose, IDO increased with increasing collector-base bias, and

correspondingly, at a given bias Ico increased with increasing radiation

dose. Peck also obtaineJ evidence that a difference of potential between

the transistor cei and the semiconductor also affected ICO. The results,

however, were not reproducible. A iairly extensive series of tests
, Kopp_.aker(14)

was carried out by occa and Koepp-.'aker on the ef.'fects of ionizing

radiation on selected semiconductor devices ft, tne approved parts lis

for the Nimbus satellite. Table 2-4 lists the unpasivated components

tested.

A Co gaame. source was utilized to perform the testi at

a dose rate of 105 rad(Si)/h. The transistors had a 10 V collector-bame

junction voltage. The signal diodes were r6o'erse-biased at the same

potential. Bias supply voltages were monitored throughout the test and

remained within two percent of their rated values. Typical results

are shown in Figures 2-22, 2-23, 2-24 and 2-25.
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2.3.5.3 RadiAIN Zftects in the assivated Device

The silicon planar trasistor passivateJ with a layer of

thermally grwn silicon dioxide represents a distinct advance over its

predecessor, in effectively isolating the surface, particularly the

juaction region@, from the ambient. This isolation, how*var, in

saniching an insulating material between the silicon and the abient,

necessarily places in contact with it a material that can interact

itself in a complex way with the ambient. 4ccordingly, experiments

have demonstrated that, while the planar is an improvement over time

nes& transis or, for example, ionizing radiation will affect planar

operation as well.

In experiments carried out b7 Hughes(15 ) a total of 150 silicon

planar devices were studied before, during, and after exposure to

I x 106 rad(Si) of cobalt 60 g irradiation at a rate of 2.75 x

104 rad(Si)/ain and at an ambient temperature of 250C. Both 313 and

IM devices were tested and significant differences were observed in

two types in their response to radiation. For a 2W2222, the comon

emitter current gain, in a selection of 10 units, showed a decrease

ranging from 11 to 41 percent as - reault of exposure to 1 x 106 rads(Si).

Five of the units were held at a callector-base bias of 15 volts and the

other five were unbiased. There was no significant difference noted

in the response of the two groups. For PM transistors, only a
"relatively" small amount of h1 3 decrease was observed when the devices

were unbiased during fr adiaton. When the PN? devices were biased

during irradiation, L~wever, t- decased by "tens of percent." In

addition. '!I devices exhibited an increase in ICBO of two to four

orders of magnitude during irradiation. In order to test the possible

effect of the encapsulating gas surrounding the device, an irradiation

under high vacuum was carried out. In this test 2N2801 PN? transistors
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were tested and the results indicated that the IC3O and gain degradation

persisted under radiation exposure both with and without bias. It was

concluded, therefore, that the surface degradation of the silicon

planar device does not depend on conditions external to the device.

It is not evident that this conclusion also holds for the NPN device,

however, since vacum-irr.diation tests were not reported. The transistor

gain test data are presented in more complete form in Tables 2-5 and 2-6,

taken from Hughes p-.per. 1 5) Th" behavior of the leakage current (IaO

as a function of dose is shown for a 212222 in Figure 2-26 and for a

212801 in Figure 2-27.

2.3.5.4 Device Selection Recommendations

The radiation test results given above sake it clear that there

ill be degraded device performance in an ionizing environment. This

will be true for the passivated as well as the unpassivated device.

Generally, the effect depends on bias and radiation and it is recommended

that provision be made for bias removal if circuit conviderations permit. The

data of lHughes (15) appears to warrant the recommendation that MPH nlanar devices

be used rather than 1N? type insofar as gain degradation is concerned. In

the dose ranges up to 105 rad(Si), the radiation induced increase in ICB

appears to be about the same for each type. To the extent that circuit

selection and design permit, operation with forward bias on enitter-base

and collector-base junctions seems preferable. Under ormal bias

conditions with collector-base reverse-bias, the smallest bias

level consistent with circuit requir.ments should be used.

For unpassivated devices, germanium is recommended in

applications where only small fractional changes in ICBO can be

tolera&ted. Sil:con unpassivated devices exhibit order of magnitude

changes in ICBO . A silicon mesa 2N1132 exhibits a ICBO decrease of
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(15)
LU 2-5 2N2222 UPN Silicon Planar Transistor

bh at VCz - 2.5 V and I - 2.5 a

Reverse Bias
During

Before After Z Irradiation
Unit Irradiation (106 rad) Difference V Volts

1 100 80 20 +15

2 150 110 27 +15

3 175 115 34 +15

4 175 120 31 +15

5 175 120 31 +15

6 155 110 29 0

7 163 120 25 0

8 110 65 41 0

9 62 55 11 0

10 95 64 33 0
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Table 2-6 2N2801 M 9pitaxial Planar Transistor (15)

Beta (hfe)

Collector-
After Base Bias

Before Irradiation % During
Unit Irradiation (106 red) DWfference Irrediation

1 106 23 78.2 -15 V dc

2 100 33 67.0 -15 V dc

3 90 40 55.5 -15 V dc

4 160 105 34.4 -15 V dc

5 150 38 74.8 -15 V dc

6 175 i0O 42.8 -5 V dc(60 cps)

7 80 28 65.0 -15 V dc

8 130 80 38.4 -15 V dc

9 95 53 44.2 -15 V dc

10 105 95 9.5 0

11 130 24 81.6 -15 V dc

12 105 26 75.2 -15 V dc

13 115 100 13.0 0

14 110 95 13.6 0

15 105 90 14.3 0
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Amt an order of magnitude in the range 1O4 - 105 rad(Si) with h

decreasing in the sa range by abcut 12%.

2.3.6 Beta Anmealing

Inediuicely after a neutron pulse, transistor beta is degraded

tfo lower values than at later times. This phenomenon has been called

rapid or beta annealing. In order to relate this t m-dependent beta

iegradatLon to permanent beta degradation, an anneal ing factor L3 used.

The annealing factor (f) at time (t) after a neutron pulse, is defined as:

f ~ * (2-16)

Of - L

where Bi, Bf and O(t) are the initial, final, and tLe-dependent betas.

It follows that the annealing factor is the factor by which the neutron

fluance mnst be increased to evaluate time-dependent beta degradation

from the permanent beta degradation. For example, suppose the annealing

factor is twr at I ms, and one wishes to determine the beta degradation

at 1 ms after a neutron pulse of 1 x 1014 n/cm2 . The beta decrease at

1 as i then equal to the permanent decrease at 2 x 1014 n/cm2 .

Nany annealing factors have bir measured at Hughes, (16) and

an active program is now extending these measurements as well as

developing a theoretical model for the effect. A few examples of this

data are shown in Figure 2-28, where 'nnealing factors for the 2N2222,

2N1613, 2N5016, and 2N709 transistors are shown for times between

200 $is and 100 s. The fact that the annealing factors have significant
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values over s. many decades of time demonstrates that the rapid

annealing factoz xst be considered in the selection of components.

The analysis shows that diffusion predominates in the time

regime between a few m and * .eral s. The data agree with a relatively

simple /t law, and the parameters derived from the data are consistent

with a simple model that depends on the diffusion of atomic defects.

An analysis that predicts the time deaendence at earlier times than a

few as is now being developed.

4

,2N2222

N)4 61623 j

,0' 3 _- 0 1 0

TIME, SECONDS

FIGURE 2-28 Annealing Factor of Transistors as a
Function of Time After a Neutron Pulse
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Thae_ effects of nuclear radiation on semiconductor diodes are

tramsient in nature. The permanent deasge caused by neutrons can usually

be considered negligible. Reverse-biasod diodes will conduct during the

radiat on pulze and forward-biased diodes will conduct slightly more.

The :otal equilibrium photocurrent response of a reverse-biased

diode is composed of a depletion component and an equilbium diffusion

component, In equation form: (1,4)

i Pp a i g(epleti on) + iptL (diffusion)

(2-17)

- qgA(w'+)

where: q a charge on the electron

g - generation rate

A w junction area

w a width of depletion region

L - diffusion length

The geteration rat , of electron-hole-pairs is directly proportional to

the radiation dose rate ( ). Conseqvently, equilibrium photocurrent is

directly proportional to dose rate (assuming the density of induced

electron-hole-pairs does not exceed the doping level of the semiconductor

diode).

Photocurrent values will range from tens of milliamperes to

several tens of amperes. The amount of photocurrent depends on the power
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rating and reverse voltage rating of the diodes, Diode types can be

arranged in an order of increasing i generation as follows:
p

H Hot carrier

. Sttp recovery

* High frequency switching

. Varactors (low power)

* Medium current diodes ( 50 mA to 1A )

. Power diodes > 1 A

The differences in the first four types may be negligible.

Tunnel diodes are the most radiation-hard active devices. Shockley diodes

and SCi's will turn on during the radiation pulse and remain on until

power is removed and should be avoided or used with caution. Zener

diodes operating well in the zener region will conduct more heavily

during the radiation pulse; however, this effect should be negligible.

Figure 2-29 shows the measured photocurrent as a function of

gaa radiation for a number of diodes. Note that at a dose rate of
8

5 x 10 rad(Si)/; phott,.urrents range from 0.2 mA to 30 *A.

Table 2-7 is a tabulation of measu'ed diode photocurrents at

various dose rates and three different reverse-bias voltages.

Figure 2-30 shows measured photocurrent as a function of the diode

maximm forward rectified current (I) for several diodes at two dose rates.

This curve can be used to estimate diode photocurrent when no measured data

is available.
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TAMA 2-71 1ASUM DIWI &QJIIULIUM ravcmw

AT TU RI U Im BIAS VOLTAGES

Diode Dose Rate E Equilibrium ipp (.a)/rev.se bias (volts)

No. Type 10 rad (S)/s at VB3 1  at VBW at. VU 3

1 1N643 5.0 9.53/1.6 10.43112.7 11.03/24

8 113730 5.0 11.93/1.6 13.26/12.7 13.93/24

14 113064 5.0 1.00/1.6 1.13/12.7 1.21/24

21 1N3070 5.0 3.2811.6 3.8&/12.7 4.38/Z4

35 19691 5.0 15.00,3.1 15.86/12.7 16.53/24

42 1N697 5.0 16.00/3.1 16.66/12.7 17.53/24

49 IN4087 5.0 1.53/1.6 1.77/12.7 1.96/24
61 1N3600 5.0 0.57/1.6 0.78/12.7 0.88/24

68 1N914 5.0 0.41/1.6 0.55/12.7 0.76/24

109 1N659 5.0 0.6$/1.6 0.82/12.7 0.94/24

1i6 1N4533 5.0 0.291l.6 0.41/L2.7 0.50/24

143 1N662 5.0 0.60/1.6 0.84/12.7 1.10/24

55 1N4376 20.0 0.57/1.6 1.12/12.7 2.48/26

28 1N3595 0.50 2.13/3.1 2.33/12.7 4.00/46

75 1H645 0.50 21.20/3.1 21.20/12.7 23.73/46

82 1N649 0.50 22 13/4.5 ',2.80/12.7 23.47/46

88 1N483B 0.50 7.65/3.1 7.87/12.7 8.45/46

95 1N485B 0.50 4.35/3.1 4.35/12.7 4.88/46

102 IN3577 0.50 13.67/3.1 13.67/12.7 14.13/46

123 IN3189 0.50 63.73/4.5 69.07/12.7 71.73/46

129 1N3191 0.50 106.7 /28.5 120.0 /40.0 130.0 /46

136 IN560 0.50 Saturated Saturated 90.0 /4b

• Normalized dose rate.
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2.5.1 I ftastims ton

Althoigh inttgrated circuits currently are not videly used in

pmer supply subsystm. ty nevertheless have several imepo-tant

influeaces on poer subsystem operation in a nuclear eOniros t. The

first consideration is that integrated circuits are finding LcreasnLz

application in power szpplies particularly 1z the ceotrol functions

for pulse vidth modulated svitching regulators. Anotaer recent develap-

ment that viii influence pawer sxtpply design is the integrated circuit

low current regulator designed for on-card rtgulation. On-card

regulation appears attractive both fron electrical coasiderations d

radiation considerations wen compared with the alternate tcthaiqu* of

building a high wattage supply and distriUting the poer to circait

cards. The above considerations will influence future power eisystia

design.

An important problem connected with integrated circuits,

which is associated with currently existing systes and their interaction

with radiation, is that many of the loads for space power subsystes

consist entirely of integrated circuits. Integrated circuits can

prevent a severe transient 1-ad on the power supplies under irradiation.

Therefore, discussions of the effecf.s of radiation on integrated circuits

are included.

Integrated circuits behave as assemblages of components on exposure

to a high dose rate transient radiation pulce. Primary photocurrent (ipp),

external ionization, and eucondary emission effects occur. The radiation

environent may cause all integrated circuits to either turn ON or OFF

or saturate depending on the type of circuit (digital or linear) and
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the circuit application. Storage time aralogous to t for transistors

also occurs. However, in woolithic intigrated circuits, the ost

important transient effect is due to the substrate response to ionizing

-adi*tion, and the substrate interaction vith the active devices. For

high radiatiou levels, the substrate photocurrents are on the order of

amperes and may exist for several microseconds.

Many integrated circuits in an electronic syst. will be ON and

saturated when the transient radiation dose rate reaches I x 10 9 red(Si)Is.

enarefore, the prit consIderation in hardening Integrated circuits above

this level should be the prevention of catastrophic failures. See

Section 2.6.

In regard to neutron damage, presently available monolithic

integrated circuits have critical radiation threzbolds well in excess of

1013 n 2 for norml fan-outs.

Neutron damage effects and transient radiation effucts are

susrized below.

2.5.2 Pezmnent Damea. Iffects

Neutron radiation produces the following effects in integrated

circuits:

h., decreases

Leakage currents increase

Minority carrier lifetime decreases

Breakdown voltages increase
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The predominant effect will be to decrease t . . As h 1 decreases,

the available circuit output current decreases, output voltues in the

O9 atate increase and eventually circuits cease to function properly,

particularly if fully loaded.

2.5.2.1 G

Typical integrated gate circuits are shown in Figure 2-31.

The principal damnag in monolithic circuits is the degradation of the

output transistor dc forward current gain, hFZ. This is not apparent

in the OFF state of a gate circuit, since no current flows durin; this

condition. For this reason, neutron damage tests are performed uith

the gate circuit in the OM state. In this rtate the transistor is

saturated. As the current gain degrades, the collector current decreases

and the device may come out of saturation. If this occurs the output

voltage(Vos) will begiu to increase. Circuit failure occurs when VOt,

reaches a value such that rdequate noije margin can no longer be

maintained. The critical value of 7ON is asaed to be 0.3 volts for

RTL and RCTL gates and 0.5 volts for the DTL gates. The neutron fluence

at which these values are reached is defined as the critical radiation

threshold for permanent damage.

In order to observe measurable damage at a neutron dose of

2.7 1014 n/ca 2 , very large fan-outs are required. Tests -ere verformed

vith fan-outs of 10 and 15.( 18) Tables 2-8, 2-9 and 2-10 list these

threehold d--ge 1aevls.

2.5.2.2 Flip-Flops

The effect of neutron degradation of flip-flop circuits are

.valuated in two ways. (18 ) The first method consists of observing the
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TABLE 2-8 Critical Radiation .Phresholds For
Damage Failure In DlL Gates For
Fan-Out of 10 (18)

CRITICAL RADIATIONCIRCUIT TYP THRLIWOLD

n/cm2 (Z > 10 keV)

DTL GATES:

Fairchild DTI&L 930 6 x 1013

(ME 254 G 3 1.8 x 10

Motorola MC 206 8 x 10

Signetics D9004H 9 x 1013

Siliconix A06A --.1 x 1014

Tex. Inst. SN341A < 1 x 1012

Westinghouse WM201T < 1 x 1012

Hughes ITL20 - 2 x 1013

DTL POWER GATES:

Fairchild DML 932 - 8 x 1014

GKE 264 P > 5 x 1014

Motorola MC204G - 5 x 1014

Signetics D9007H > 5 x 1014

Siliconix A02A > 5 x 1014
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TABLE 2-9 Critical Radiation Thresholds For
Dlimage Failure in RTL C CTL Gates
For Fan-Out Of 15 (l8)

CRITICAL RADIATION THRESHOLD
CIRCUIT TYPE n/c2 (Z > 10 keY)

LOW POWER RTL GATES:

Fairchild MilL 910 1.2 - 1.4 x 1014

GME 13D2 0.6 - 1.4 x 1014

STANDARD RTL GATES:

Amelco "G" 1.2 - 1.7 x 1014

Fairchild IL 903 0.3 - 1.6 x 1014

RTL POWER G.TES:

Amelco "B"

GKE 1533 1.7 - 1.8 x 1014

RCTL GATES:

Sprague USO 104 A ~ 8 x 1012

Tex. Inst. SN 512 - 8 x 1012
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output voitage VON of the ON half of the flip-flop and treating it as

anothar ON gate. The other method is to measure the trigger level

sensitivity by applying a clock-pulse of varying amplitude after each

interval of irradiation.

In the first method, VON will increase as the current gain

degrades and the collector-current cones out of saturation. Circuit

failures can be defined when VON exceeds the noiee-margin of the OFF

half of the circuit and tries to turn it ON. It will also exceed the

noise-margin of the loading circuits and tend to turn them ON. Thus,

the critical radiation threshold for this condition is the same as that

for the equivalent gate circuit. Table 2-11 shows the degradation of

the load driving capability of the DTL flip-flops in comparison with

that for DTL gates of identical output circuit construction after

2.7 x 1014 n/c 2 . The load driving capability is directly related

to the transistor current gain.

The trigger level sensitivicy Is measured as a function of

neutron fluence for all of the flip-flops. 18 ) The DTL flip-flops

consisted of ac coupled and dc coupled type. The results were:

The trigger threshold level for ac coupled DTL flip-

flops begins to degrade at about 4 x 1013 n/cm2 and

falls off about 10 to 20 percent at 2.7 x 1014 n/ca
2

(See Figure 2-32)

No change in trigger threshold level is observed in

dc coupled DTL flip-flops at 2.7 x 1014 n/ca
2

(Sets Figure 2-33)
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TABLE 2-11 Normalized Degradation Of Loading
Capability or TL Circuits After

2.7 x 1014 n/cm2 (E > 10 key)(18)

CIRCUIT MANUFACTURER TYPE 'LF/'L
Min. Max.

L 930 Fairchild Standard Gate 0.45 0.52

ML 931 Fairchild Flip-Flop 0.46 0.55

MC 206 Motorola Standard Gate 0.36 0.42

MC 209 Motorola Flip-Flop 0.36 0.49

264 P GKE Power Gate 0.59 0,66

264 B GRE Flip-Flop 0.62 0.68

D 9004 H Signerics Standaid Gate 0.34 0.40

D 9006 H Signetics Flip-Flop 0.25 0.30
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The trigger threshold level of RTL and RCTL flip-flops

either remins unchanged or increases slightly at
2

2.7 x 1014 n/ca (See Figures 2-34 and 2-35)

One-shot multivibrators are similar to flip-flops.

The trigger threshold levels for ac coupled DIL types

decrease in the samea way. (See Figure 2-36)

In no case is the change in trigger level sensitivity g:eat enough ti
14 2

produce failure for neutron fluences up to 2.7 x 10 n/cu . Thus,

the critical radiation threshold for failure is largely determined by

Lhe loss of noise-margin for the equivalent gate circuit.

2.5.3 Transient Effects

The transient radiation effects gpnerally result in R pulse

at the output of the circuit. Thec: pulses are passed from one circuit

to the nexc whicb may trigger flip-flups, be amplifed by each succeeding

amplifier or produce effects in the output that may or may not be

significant, depending on the system. These transient pulses can be

considered as a form of noise pulse. These noise pulses can turn the

devices ON or OFF for short periods of time. Jf the loading circuits

(fan-out) are not affected by these noise pulses, then no false

information is injected into the system. However, circuit failure

during radiation occurs when the radiation induced circuit output

voltage exceeds the noise margin of these devices which act as a load

for the circuit under test. The duration or width of thi noise pulse

is also of significance. Detailed radiation effects data (19) are

presented in Figures 2-37 through 2-41 for one type of integrated circuit.
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The results of experimental evaluations are suaunarized below

and in Tables 2-12 through 2-1.8 he qualitative features to be

observed in these results are as follows (not that "more sensitive"

means "lower :hreshold"):

RCTL circuits are more sensitive to transient

radiation disturbances than either RTL or DTL

circuits. (See Tables 2-12 and 2-13)

The best RTL and DTL circuits are about equally

aensitive i.e. no superiority of logic type.

(See Tables 2-12 through 2-15)

Low power RTL gates and flip-flops are more

sensitive than the higher power types. (See

Tables 2-12 and 2-13)

DTL gates without internal load resistors are

more sensitive than those with the internal

load resistors. (See Table 2-14)

RTL ON gates are insensitive. (See Table 2-12)

In the majority of cases, DTL gates are more

sensitive in the ON state thar, in the OFF state.

(See Table 2-14)

Fan-in has no effect on circuit responses as far

as loading effects are concerned.
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Fan-out has no effect on the sensitivity of DTL gates,

but sensitivity increases slightly for RTL and RCTL

gates. (See Table 2-12)

Flip-flops are more sensitive (to self-triggering)

than gates of the same logic type 2xcept for DTL

gates without internal load resistors. (See Tables 2-13

and2-15, and Tables 2-12 and 2-13.)
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TABLE 2-12 Critical Radiation Thresholds For Transient
Radiation Effects For RTL, RCrL OFF Gates.
Averages Of Four Circuits Of Each Type. (18)

RTL, RCTL OFF FAILURE THRESHOLD
CIRCUIT TYPE RADS(S )sEC

FANOUT = 0 FANOUT = 5

LOW POWER RTL GATES:

Fairchild MW ,L910 7 x 107 4 x 107

(24E 13!D2 2 Yl 108 1 x 10 8

STANDARD RTL GATES:

Armelco "G" 5 x 108 4 x 108

Fairchild MW"L903 6.5 x 108 2 x 108

RTL POWER GATES.
Amelco "B' 3 x i08 5 x 108

8 8GQE 153D3 6 x 10 2 x 10

RCTL GATES:

Sprague US0104A 1 x 106 < 1 x 6

Tex. Inst. SN512 2 x 106 2 x 106

Note: No response observed in ON-state for RTL gates.
Ee text re: RCTL gates.
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TABLS 2-13 Failure Threshold Levels For iTL and CM Flip-Flopso (1)

TURJSULD TO
SEJ-RI=R ThIGZi 05-CAIz

TuSHUIID (e = - 3V)

CIRCUIT DSCRIPTIOM lAs(Si)/SBC LADS (Si)/SIC

IT!. FLIP-FLOPS:

Amelco Type F 1 109  1 X 109

Fairchild M) L 923 3 x l0 4 x 108

G3 134 D2 6 x 10 7  2.5 x 107

(Low Pover)

C-7CL FLIP-FLO:S

Sprague US 0100 1 x 10 4 x 106

Tex. Inst. S.4510 I x 107 2.5 x 106

RTL NDNOSTAB'L:

G 134 D2 5 x 107 5 x 107

.RCTL MOWOSTAILE:

Tex. Inst. SNS18A 2 x 105  < 106

Note: These data represent the average of the failure
threshold levels for four circuits of each type.
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TABLE 2-14 Critical Radiation Thresholds For Transient
Radiation Effects For DTL Gates. Averages
i'or Four Circuits Of Each Typ*. (18)

DTLCICUIT TYPE FAILRE THRESHOLD RADS(Si)/SZC

_OFF-STATI ON-S T ATE

CIRCUITS WITH INTERNAL LOAD RESISTORS:

Fairchild DM1l 930 5 x 10 -1X 109

G 254-G3 2 x 108  1 x 109

T9
Hugh, s DTL-20 I x 10 7.5 x 10

Motorola WC-206 5 x 10 8  5 x 10 78 8
Signetics 9004H 3.5 x 108 1 x 108

POWER GATES WITH CO PLEMENTARY OUTPUTS:

Fairchild DTAL 932 1 x 10 9 3 x 108

Signetics 9007H 3 x 10 7 > x 109

CIRCUXTS WITH NO INTERNAL LOAD RESISTORS:

GE 264P 5 x 107  1 x 10 9

Motorola MC-204G I x 107 x 109

Siliconix A02A 6 x 107 4 x 10 7

Siliconix A06A 6 x 107 4 x 107

66
Tex. Inst. SN34.lA 1 x 10 5 x 10

Westinghouse WM201T 7 x 107 6 x 106
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TABLE 2-15 Failure Threshold Levels For DTL Flip-Flops (18)

SI THRESHOLD TO

SELF-TRIGqI "r-IGGE ON-GATE
THRESHOLD (*° - - 3V)

CIRCUIT DESCRIPTION RADS (Si) /SEC ADS (Si) /SEC

A. C. COUPLED CLOCK:

GHE 264 B 2 x 10 7  5 x 10 8

Motorola MC-209 2 x 107 2 x 108

Signetics D9006H 9 x 107 3.5 x 107

D. C. COUPLED CLOCK:

Fairchild DTIL 931 5 x 108 I x 109

Siliconix AO3A 9 x 10 6  2 x 10 8 *

MONOSTABLE:

Signetics D9008H > 109 3.7 x 107

* Measured at -2 Volts since the normal output voltage of

this circuit is only 2.5 volts.
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2.6 Catastroyhic Failure

The main concern in assessing power and system vulnerabilities

in the study environment is catastrophic failures in semiconductors

due to burn-out caused by high level radiation induced currents. These

radiation induced currents can cause catastrophic failures in semi-

conductors due to the following mechanisms:

Thin film interconnect burn-out in integrated circuits.

Bonding wire burn-out in integrated circuits and

discreet devices.

Junction damage (burn-out) in integrated circuits

and discreet devices.

The sources of these currents are a result of the interaction

of the transient radiation with the semiconductors themselves. These

transient sources will be due to primary and/or secondary photocurrent

generation in diodes, transistors, and integrated aircuits.

The general discussion in this section is concerned with short

time transient effects 'rqving time history only slightly longer than

the radiation pulse (tens of microseconds) as opposed to the long-time

effects associated with latch up and second breakdown. However, these

latter effects are discussed below for completeness and dismissed as

not being a particular problem in modern well-designed circuits.

2.6.1 PNPI Latch-Up

The isolating subetrate of an integrated circuit in combination

with transistors and resistors forms complex PNPN structures as shown in
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Figure 2-42. The substrate isolation junction is normally reverse-biased

but ichen large photocurrents flow in a high resistivity substrate,

unexpected bias voltages can be generated. A few cases have been
reported(20, 21, 22, 23)in which these radiation generated bias voltages

have resulted in a flfPN switch action called latch-up. PIPN latch-up

can also occur in complementary trausistor pairs formed by a quadruple

diffusion process. ( 2 1' 22) This failure mechanism is catastrophic from

a systems viewpoint because the power-supply current must be interrupted

to restore normal circuit operation. The currents, which flow during

latch-up, can also burn-out thin-film metal interconnections and small

bonding wires causing complete circuit failure.

Latch-up was first observed at low dose-rates in 1964 during

radiation tests on some triple-diffused integrated circuits. Most

of these circuits are triple or quadruple diffused in 70 x 100 il

silicon chips and do not use gold doping. The large chip areas (3 to

4 times greater than modern circuits) and the long storage times associated

with active devices result in the generation of large photocurrents in

these circuits at low dose-rates. Modern integrated circuits using

epitaxial construction, small chip areas, and gold doping have not

been observed to exhibit PNP! latch-up.

Hughes has performed many tests on many types of integrated

circuits ( 24, 25)at dose-rates up to 5 x 109 rad(Si)/s and total doses

of 5000 rad/pulse and has never observed latch-up in any except

some of the triple-diffused circuits. These tests included the

Fairchild DlML930, 932, 962 and uA709 circuits.

Hughes Radiation Effects Research Department has also made

measurements on the SN352A general purpose amplifier, one of the first
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circuits which was observed to exhibit latch-up. Common emitter current

gains greater than one have been measured for the NPX transistor formed

by the N collector of a transistor, the P substrate and the N region

under a diffused P type resistor as illustrated in Figure 2-42. The

equivalent circuit for fIPN action is shown in Figure 2-43. Modern

integrated circuits are usually designed to keep the hlE of parasitic

transistors much less than I. The high value of hFE for the parasitic

trpnsistor could explain the ease with which some SN352A circuits zan

be made to latch-up.(2
0 )

The latch-up mechanism cannot occur in dielectrically-isolated

circuits and utilizing these circuits where feasible will eliminate

this problem.

Latch-up tendencies can be reduced in junction isolated

circuits if the following manufacturing techniques are employed.

Gold dope the integrated circuits to reduce lifetime and

lower the hFZ of parasitic transistors so that h F < < .

Increase physical separation of resistors and

transistors.

Increase breakdown voltage between resistor N island

and the P substrate by utilizing epitaxial

construction.

Increase the P doping of the substrate and reduce N

doping of collector region adjacent to the substrate

by ep.caxial construction.
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Provide several veil distributed connections between

the substrate and the negative voltage supply terminal.

A P+ guard ring structure in the substrate would be

ideal if it is feasible. This change would help prevent

the collector-substrate junction from becoming forward-

biased.

Provide several well distributed connections between

the resistor N island and the positive voltage supply.

This procedure would guarantee that the junction

between the P and N regions of tha resistor was shorted

so that one mode of PNPN action would be eliminated.

Even if all integrated circuits utilize 4ielectric isolation,

a malfunction can still occur due to a possible short circuit current

path, through series transistor junctions to ground. This condition

exists for exapmple, in the Fairchild IDL932 buffer gate and the

709 op amp. It is also recomended that an electrical pulse-current

screening test be devised for all circuits. Such a test will eliainate

circuits with improper current-limiting or faulty interconnections.

2.6.2 Second Breakdown Latch-Up

Second breakdown latch-up is a voltage breakdown mechanism

which can occur in discreet transistors and integrated circuit transistors

under certain conditions. Second breakdown latch-up has occurred in

only one type of integrated circuit tested to date. The cause cf this

one failure has been identified as poor design.(2 6) I,- is believed that

second breakdown will not occur in well designtd integrated circuits.

Figure 2-44 illustrates the second breakdown characteristics.

Second breakdown will not occuC if a load line such as RL2 avoids the
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the second breakdown reion. However, if the transistor operates along

I, it will experience second breakdown as it enters the second break-

down region, will latch-up at point A where RL intersects the latch-up

voltage line LV, aud may burn out unless the current is limited. This

situation is of particular interest in the transient radiation enviroumnt

since a transistor my be normlly working along 312 but the transient

radiation changes the load line to II 1 , and also turns the transistor 00.

Thus, the transistor can be triggered into second breakdown by radiation

provided certain conditions are mt. The first condition is that the

supply voltage (Vcc) mst be greater than the latce-up voltage LV. LV

is equal to the sustaining voltage ratings sometimes given on tranmistor

specification sheets. A second condition is that the supply isst be

capable of furnishing the sustaining current. This failure mode should

not be a particular problem in space powet subs.4t* since the first

condition above specifies that the supply voltage be relatively close

to the maximm collector to emitter voltage, bfM for the transistors

generally used in circuits where this failure woald be catastrophic

range from 60 to 100 volts.

2.6.3 Thit-Film Interconnect Bur2-Out

At high radiation dose rates, circuits using PM junction

isolation are particularly vulnerable to ionizing radiation because

power-supply currents can be shunted directly to ground through the

isolation junction associated with diffused resistors. The resistor

is formed by a base-type P diffusion in an isolated N-type island.

The N region is r,rmally returned to Vcc so chat the junction between

the P resistor and the N island will always be reverse-biased. The

P-type substrate is always connected to ground or the most negative

voltage supply in the circuit. A short-circuit photocurrent path,

therefore, exists from the power supply to the N region, through the

isolation junction, and then to ground.
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Since resistors normally occupy at least 50% of the integrated

circuit chip area and are normally located within the same isolation

region, their isolating PN junction is by far the largest photocurrent

generator in the circuit. This failure mechanism is also possible in

dielectrically isolated circuits which employ diffused resistors.

A shunt photocurrent path also exists whire the circuit design

results in a series combination of PN junctions Petween the power supply

and ground that is not limited by a resistor. Examples of this type

of circuit are complementary and totem pole output circuits. Ordinarily,

the power supply can be designed to supply these currents. However, at

high dose rates, these currents may increase to the ampere level, or

even greater. Then, the small gold or aluminum bonding wires or aluminum

interconnections may burn out causing permanent circuit failure.

Compatible thin-film resistors will eliminate the shunt current path

associated with diffused resistors, but shunt circuit paths through a

series of circuit PN junctions can only be eliminated or current limited

by circuit design.

The thin-film interconnects are the most vulnerable to over-

currents due to their small cross-sectional area (typically 1 micron

x 0.5 mil). The 1 mil diameter wires normally used for bonding are

about a factor of 20 to 50 greater in cross ,ectional area and should

require about a factor of 20 to 50 more power to cause burn-out.

Burn-out of thin-film interconnects occurs near the place where

the metallization crosses a dielectric isolation fence or at the

"windows" cut out of the oxide layers. The metallization is effectively

stressed at these points due to a change in depositioo depths, or

there may be slight steps, or ridges at he material interfaces. These
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stress points cause different effects in the rarious transistor

gec!etrie: and close ccrrelation .tt, calculations based on a fuse

type consideration is not possible due to t effect of the step

or ridge.

For moderately high dose rates (1010 to 10it rad(Si)Is),

the vori: case time duration, produced by a radiation disturbance in

currently used monolithic integrated circuits. is approximately 5 %&s

(due to a 30 ns radiation pulse plus radiation-induced storage time

ef'zcts). The measured currenzs required to burn-out four metallitaton

widths in 5 &s are tabulated in Table 2-16.

TABLE 2-16 Interconnect Burn-Out Cuvrent (27)

Interconnect Burn-Out
Width (?fil) Current (A)

0.44 to 0.55 1.0 to 2.0

0.66 2.1

0. I 2.8

1.42 4.0

The substrate currents in existing monolithic integrated

circuits Pt the above dose rate levels c:an range from 1 to 4 A or larger.

Therefore, it appear; that currently used integrated circuits may be

vulnerable t- catstrophic failure. The reduction of current carrying

capacity due to multiple fence crossin3v 9nd other stresses caused by

manufacturing t'-chniques may raise the vulnetability in some circuitry.
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Figures 2-45 and 2-46 are represeucative curent-time plots of

the measured failure rbresholds. (21) These data are for the same

aetallizaticru width, but -he stresses due to fence crossings were

o6fferent. The differenze in the cur-, is attributed to these

different stresses. By knowing the metallization pattern dimensions,

one say predict where t? e burn-out will occux. Circuitry laws state

that parallel currents add; therefore, the base metallization vith two

parallel strips can take twice as =scn current as the emitter metallization

which has only one strip. If the sam current exists in both the

eritter and the base, the emitter metallization will suffer burn-out

first.

Radiation Incorvorated develoned an e_-nression for the burn-

out current for microsecond time scales which predicts a value 2.5 times

the cbserved experimental value. (17)

These studies corsider an unstressed interconnect and the

differences between thoretical calculations and measured data can veil

be explained if the interconnect is stressed by a fence crossing or a

scratch or defect in the material. Failures plotted in Figu.es 2-45 and

2-46 occurred at a stress point. Lockheed has shown that hot spots

form ac tho point where an interconnect crosses an oxide step.(28)

Table 2-17 lists some measured power supply currents for sore

integrated circuits at specific dose cates.

2.6.4 BondinK Wire Burn-Out

Bonding wire burn-out has been observed in some cases but has

generally been accomanied with chip daw.ge. At this writing, it has not
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TABLE 2-17 Integrated Circuit Radiation Induced Currents

Dose Rate

Transient Poer SuDDly Current (hI.LS1
(A)

uA 709 2 to 3 2 x 109 (Ref 26)

DT 932 0.800 1 x 1012 (Ref 29)

DTL 9040 0.800 3 x 1010 (Ref 30)

*TI 911 Read 2.5 6 x 109 (Ref 31)
Pre-amplifier

*Failed catastrophically due to interconnect burn-out in power
supply line.

been established which occurs first. Intuitively, it would appear

that the junction will short and cause the bonding wire to burn out. If

this Is true, the bonding wire burn-out level is higher than the junction

d-zge level.

2.6.5 Junction Damage

2.6.5.1 Effects Of Circuit Resistance

The threat to semiconductor jut ;tions is due to the high

photocurrent generated by the transient radiation. This current multiplied

by the voltage across the devices increases the power being dissipated in the

device. if the power dissipation is sufficient, the device will be

destroyed. At very high dose rates the photocurrents becce extremely

high and may be l-mited by device resistances normally too small to be

considered.
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Use of the standard photccurrent prediction expressions at

high lose rate levels can predict hundreds, thousands, or higher

&mperes of photocurrent. While the validity of using the prediction

technique at high levels may be questionable, there is no question

that large currents vill fla,. For currents of this magnitude, circuit

resistance usually considered negligible becomes significant. These

resistances include such things as the resistance per unit length of

vire, the resistance of contacts in a connector, and the resistance of

the obouc contact, and leads in semiconductor components.

Consider the circuit of Figure 2-47A. The resistance is

composed of all reaistance in the circuit including the lead resistance

and interconnect resistance of the diode. During irradiation the

current i( . ) will ilow. Two situations can exist. For the case

where

V - i (y) r > a 0 (2-17)

reverse bias will still appear across the junction in the diode. In

this case

pp

where

i - primary photocurrent.
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When

- i (y) r a 0 (2-19)

reverse bias will no longer appear across the junction. In this case

the current is limited by the circuit resistance (r) and

" Vj Y rfj) - (2-20)
r

and

i ( ) < i (predicted) (2-21)pp

in the worst current limited case the diode will forward bias. in this

case the equivalent circuit during radiation is shown in Figure 2-47B.

The diode is now effectively operating as a voltage limited current

source sauch the same way as solar cells operate under solar illumination.

The expression for i( j ) becomes:

i(y) V+0. 7  (2-22)

Equation 2-22 will differ insignificantly from Equation 2-20 .or source

voltage (V) greater than approximately 10 volts.
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2.6.5.2 Typical Circuit and Compoent Re istances

The typical resistance of an irradiated transistor from emitter

to collector assuming silicon is a perfect conductor can be estimated.

The assumption of perfect conduction for the silicon appears reasonable.

The carrier generation rate (g) per unit of radiation dose

rate in silicon is 4.2 x 1013 electron-hole pairs/ca 3 - rad.( I ) The

mean lifetime ( T ) can be as long as 10-4 seconds, assuming equal

amounts of N and P-type material per device, the average mobility ( U )

is about 103 Ca2 The number of excess carriers ( n ) generated at
110 VO E seC

1 0 rad(Si)/s is:

g 4.2 x10 (10)

4.2 x 1023 electron-hole Pairs 
(2-23)

3
CM sec

The conductivity will be:

a - neu T

- (4.2 x 10 23)(1.6 x 10- 1 9 )(103 )(10 - 4 ) (2-24)

- 5.7 x 10 mhos/cm

where

e - charge on the electrnn.
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The conductivity of hard drawn copper at room temperature is

about 6 x 105 mhos/cm. Therefore, the assmption that the silicon

approximates a good conductor on exposure to Z 1010 rad(Si)/s is

juatified. The above calculation is worst case, however, since both

mean lifetimes and mobility will decrease under this level of radiation.

There are not enough data available to consider this influence on the

radiation induced conductivity at thiz time.

The sources for resistances which add to give the equivalent

resistance of a transistor under irradiation are: (32)

- 40 ails of 0.7 to 1 ail diameter wire

* Bonding pad (4 x 4 ail) which usually contribute

negligible resistance

Interconnect 0.01 to 0.1 ohm/square

(This is a length dependent problem. Typical

length is a 10 square therefore 0.1 -. 1 ohm)

B Jond to junction.

For cypical low power, high frequency devices, the minimum resistance

will be in the range of 0.1 to 1 ohm for the collector-to-emitter

resistance. For typical power device the resistance is approximately

one order of magnitude lower because power devices do not require the

interconnect. Therefore, for power devices, the worst case resistance

will be in the range of 0.01 to 0.1 ohm.
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A typical value of anodo-to-cathode resistance for an irradiated

diode, assing silicce is a perfect conductor, can be estimated in a similar

manner. Diode resistances rill vary according to construction technique

where the sources of resistance are the load resistance and the ohmic

contacts made to the silicon. Typical diode resistances are shown in

Table 2-18.

TABLE 2-18 Typical Diode Smiconductor Resistances
Under Irradiation

Computer Diode 0.050

Zener 0.050

Rectifier 0.010

These resistances can be assumed constant and independent of dose rate.

The resistance of wiring and connectors inside an electronic

package can furnish some current limiting. A typical electronic package

will contain several printed circ :it cards and the necessary wiring to

a connector on the surface of the package. The connector Joins the

package to the main spacecraft ha-aess. Where possible, the wiring

from the connector is hand-wired to the priqted circuit boards although

card connectors are not unco=on. The resistance through a typical

connector has been measured and falls between 0.6 m ) and 1.3 m(G.

Wiring from the connector to a card will average approximately 1 foot

in length. Unless other reqpirements dictate (such as voltage drop),

wiring will generally be selected according to Table 2-19.
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TABLE 2-19 Wire Resistance

0 /ft
Current Gauge at

a(A) 500C

5 22 0.018

7.5 20 0.011

10 10 0.0071

13 16 0.0045

17 14 0.0028

23 12 0.0018

A path through a typical electronic package including circuit and

converter wiring but excluding components will be on the order of

20 a..

The above discussion indicates that there will be no

significant current limiting due to inherent device resistances of

0.01 to 0.05 0 for currents up to a few thousand A for a 20 to 30 V

system. Wiring and connector resistance cannot be counted on for

current limiting since the energy source may be connected to the

threatened device by only a few inches of wire.

2.6.5.3 Experimental Studies

Experimental studies have provided some guidelines for use in

estimating the power level required to cause junctinn failures Wunsch

and Bell's (33 ) paper provides the most useful data for estimating

potential junction failures as a result of currents generated by a

nuclear weapon environment. They derive an expression for the power
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per unit area required to destroy a Junction as a function of time.

This expression (Equation 2-25) is derived using a thermal model vhich

assumes the Junction is pulsed in the reverse direction and all of the

voltage is dropped across the Junction.

P/A -TTKOc$ Pc [Tm- Ti t (2-25)

where

P - power in watts

A - Junction area

K - thermal conductivity

P - density

Cp specific heat

Tm - failure temperature

Ti M initial temperature

t a pulse direction in microseconds

Three cases are considered:

1. Heating from 250 to 675 0C which is the failure

temperatu.7es suggested by Davis and Gentry
(34 )

and other workers.

2. Heating from 250 to the melting temperature of

silicon of 1415 0 C.

3. Same as case 2 except the currents are assumned

to be concentrated in 1/10 of the junction area.
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Equation 2-25 can be ritt, as PIA - Mt and plots as a

straight linte m lo-lo paper vith a slope of -%. These plots allow

a coai"dent coprison of devices with different jntimn areas.

Figure 2-"8 is a plot of the three cases listed above. Wunsch

and Bell measured the failure thresholds for over 1200 devices of

approxiately 80 different types. Transistors- diodes, rectifiers,

and zener diodes were included. The times utilized were in the range

of 0.1 to 20 is and the power level ranged up to 3 kW per pulse. Most

of the junctions were pulsed in the reverse direction at the avalanche

voltage thus insuring that all of the voltage was dropped across the

Junction.

Figures 2-49 through 2-52 are data on diodes. Some junctions

were pulsed in the forward direction and were found to require more

power for destruction. Some of the transistors were pulsed from

collector-to-emitter and found to burn-out at about the same level

as if the emitter-base were pulsed. Intuitively, this would be

expected since the collector-base junction is much larger than the

emitter-base junction. Therefore, it makes no difference whether the

emitter-base or collector-emitter base terminals are pulse. Wunsch

and Bell's data doeZ not substantiate this, however, since they found

that either one or both junctions burned-out in devices pulsed

collector-to-emitter.

Figures 2-53 ard 2-54 show data on forward pulsing of devices

and collector-emitter pulsing. The emitter-base Junction was used for

most of the measurements. Wunsch and Bell concluded that the predominant

failure mode, for these as and sub ;s pulses, is localized melting across

the junction. The melted regions form resistive paths acorss the
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rLCMt 2-48 Theorertcal FaiUw Carves for Silicon (.3)
junctions for U~verse Polarity Woltags (

FIGURE 2-49 Experimental Data Points for Failure of the
Anode-Cathode Junction of a MC-357 )jodefor Reverse Polarity Voltage Pulses. 

3 3)
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nGUU 2-50 Zxperlaental Data Poimts for Failure of t e Aw.)e-
Cthode Juftiop of 149 Mode for Ree
PolarityT Voltage Pulgs(33)

10C

II

FIGURE 7-5 Experiental Data Points for Failure of the Anode-
Cathode Junction of a 1N482A Diode for everse
Polarity Voltage Pulses. (33)
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FIG(U 2-52 xperiment a Data Points for Failure of the Anode-
Cathode Junction of a 2N292 Diode for Reverse
Polarity Voltage Pulses.

2 
I" 1 '

= 90

FIGURE 2-53 Experimental Data Points for Failure of the Base-

Emitter Junction of a 2N2222 Transistor for
Forward and Reverse Polarity Voltage Puses.(

3 )
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FIGUR 2-54 Experimental Data Points for Failure of the Base-
Emitter and Collector-Anitter Junctions of a
2M11132 Transistor for Forward and Reverse
Polarity Voltage Pulses. (33)

* I 0

2-1

JI

FIG-* 2-55 Experimental Data Points for Failure of th, Base-

Emitter Junction of a 2N699 Tran sator for
Reverse Polarity Voltage Pulses.(33)
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Junetio-n which shorts out or masks my other Junc ion action. T is -

conclusic was based on examination of s~e of tie caples which
-:ailed where the damage was evident. It appeared thott loclized

u-lting 2ad occurred. In some devices zuffic'ent asltirq had takeu

place that a £Zlm' of melted silicon Could be obser,-i. In an actual

system Lhe junctions vill .norm."Xy not bz subjected tz avalane

voltages but the junctions will be !sock bias!d. Radiation effectively

irc-estes the conductivity of the silicon t. --bat of a Sood conductor

and Lhe bias voltage will be dropped entirely across t Junction.

Figures 2-55 and 2-56 are additional data.

Figures 2-9 through 2-54 provide good guidelines for assessing

junction failure potentiel. Figure 2-49 is illustrative of integrated

circuit devices. Figures 2-50, 2-51 and 2-52 are representative of

low level rectifiers or switching diodes. Figures 2-53 and 2-54

are representative of NFN and PNP low power transistor respectively.

Figures 2-55 and 2-56 are representative of medium poscer transistors.

Note that these curves are plotted with ai ordinate expressed in watts

so that junction area is not specified. ,'igures 2-57 and 2-58 are

plots of power failure thresholds per unic area for diodes and transistors.

The important point to note is that most of the failure points lie

within the worst case limits.defined in Figure 2-43.

Figures 2-49 through 2-56 can be used to estimate the power

level failure threshold for other device types by scaling the data to

the power ratings of the devices without knowing the junction area.

Figures 2-57 and 2-58 indicate relatively consistent results by

considering the power per unit area to cause burn-out. The power rating

of a transistor is proortional to the junction area as indicated in

Figure 2-59. Therefore, order of magnitude estimates can be made on

other device types by linear extrapolation of the data in Figures 2-49
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FIGURE 2-56 Experimental Data Points for Failure of the Base-
Emitter Junction of a ZA498 Tra is ir for
Reverse Polarity Voltage Pulse. 33)
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FIGURE 2-57 A Cposite of ml Pe tut Data Points for the Failure
of the Anode-Cthode Junction for Six Diodes. Inter-

comparison is Made By Plotting Pow er Per Unit Area vsPulse Duration. (3 so shown are the theoretical

failure curves.
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through 2-56 to otber power ratings. For exwsple, the data on the 4 watt

214498 transistor in Figure 2-56 indicates a failure threshold of about

850 watts at 1 Vs. If a 20 vatt device is considered, the paver

required for burn-out would be approximately 5 tiues the watt value j

(i.e., 4250 watts a 1 ls).

A similar raLionale can be established for diodes. Figure 2-60

illustrates the average forvard rectified current rating (I ) as0
a function of junction area. Therefore, the di ode data can be extrapolated

on the basis of the diode I rating.
0

Figure 2-61 illustrates diode data where the diodes did not

fail due to insufficient pulse pover to burn out the devices. The

striking point is that when power per unit area is co-sidered, most

of the pci-cs fall on the safe side of the theoretical failure.

Figure 2-63 is a comparison of Wunsch and Bell's data with

Davis and Gentry's curves for the 2N2222 transistor, Davis and Gentry

considered longer duration pulses than Wunsch and Bell in their work. There

is general agreement for over five orders of mgnituc in pulse duration.

Figure 2-63 Is a plot of the average of the constants of tihe lines

for Figure 2-49 through 2-56 when, converted to a power per unit areA

basis. Tue equations for these lines are:

All devices P/A w 480 t"k (2-26)

Transistors P/A - 310 t (2-27)

Diodes P/A - 560 t0 (2-28)
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FIGURE 2-61 A Composite of Zqwpemetal Data Points for which No
Failure was Achieved for the Anode-Cathode Junction
for Ten Large Area Diodes. Intercomparison is made
by Plotting Power per Unit Area vs Pulse Duration.
Also shown are the theoretical failure curves. ( 3 3)

----- " 
" 

-

FIGURE 2-62 Plots of the Semi-Empirical Failure Equations
Obtained from Theory and the Experimental
Data Points.

( 33 )
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FIGURE 2-63 A Comparison of Experimental Data Points for a 2N2222
Transistor and Points from a Paper by Davis and Gentry.
Also shown are the theoretical failure curvep from this
paper and the curve by Davis and Gentry. (33)
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2hese averages lie very close togetber and are about midway

between the worst case limits. These expressions can be used to

estimate failure loads within at least an order of magnitude for most

diodes and transistors. The only piece of information required is the

junction area oras discussed, the power rating.

2.6.5.4 Theoretical Studies

An approach to the problem for transistors ,as considered by

Marshall 3  where the thermal parameters of the deurce were used to

predict device burn-out.

The allowable peak power dissipation of a transistor junction

can be calculated if the thermal resistances arid the thermal time

constants of the device are known. The equivalent thermal circuit

of any transistor is shown in Figure 2-64. The total thermal junction-

to-air resistance is:

jA -ec + eCS + 0SA (2-20)

The steady-state or dc junction temperature can be calculated as:

T U PD 0,A + TA  (2-30)

where PD is the steady-stite power dissipated in the transistor,

PD B B VBE + IC VCE (2-31)
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PD CTJ ~CTC TT TTA

FIGURE 2-64 Thermal Equivalent Circuir.

81132-81

Tj OJC T C

A- +
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Tj v

FIGURE 2-65 Simplified Equivalent Circuit
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If the maximuia allowable junction temperature ( Tj ) is specIfied, the

maximum allowable dc power is given by:

PD (max) - ( Tj (max) - TA)/ OJA (2-31)

The equations are somewhat more complex for the transient case because

the pulse power dissipation depends on the thermal capacitance as well

as the thermal resistance. The expected repetition rate of transiert

radiation pulses is extremely low. The folliing equations will,

therefore, assume a single rectangular power pulse of width (t p). It

will also be assumed that the transistor case is attached to an

infinite heat sink; i.e., the case temperature is equal to the ambient

temperature. The resulting equivalent circuit is shown in Figure 2-65.

With these assumptions, the junction temperature at the end of the pulse

is:

Tj . TC + Pp O0 1 - exp (-tp/ Jc)j (2-32)

where Pp is the pulse power and T is the junction-to-case thermal

time constant, and is equal to jC x CGj. The term l-e.. (-tp/, jc)1

is referred to by manufacturers as the transistor coefficient of power,

If exp(-tp/ jC) is expanded into a power series, the following

result is obtailned:
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(-p/j. 1-z- - - - t

Lexp, (tIc p /T
'Tic Ti c/

13t' nt (2-33)

If t is much smaller than TC , the high-order terms in the series
p

are insignificant and exp (-tp/TJC) can be approximated by 1 - tp/T jC.

Therefore:

(Cpjc) -1 tp/'jC ( tort
c Tc(for t )<Ti (2-34)

When this expression is substituted in Equation 2-32, the following

expression for junction temperature is obtained:

T_ TC + Pp t T (2-35)

The peak power which can be dissipated in the junction is therefore

p , (Tj (max) - Tc) jc (2-36)

0jC t
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The thLrmal resistance (eJC ) can be measured or calculated

from the data give., on transistor specification sheets. The maximum

allowable junction te%.erature should be selected to meet the device

applicetion requirements. Thermal time constants were measured for

integrated circuit transistors in flat pack, TO-5 cans, and dual-in-

line packages. It was fourd that at least three superimposed time

constants were involved for each package type. The shortest measured

time constant of signficance was found to be 1 ms. This value agrees

quite well with the values reported in the literature for transistors

in TO-5 cat.

The maximum power dissipations and thermal resistances for

2N708 and 2N709 transistors mounted in TO-5 cans are given in Table 2-20.

The 2N708 and 2N709 transistors have characteristics which are similar

to transistors which are used in modern integrated circuits.

TABLE 2-20 Transistor Thermal Characteristics(3

OJA PDJA 9 JC PDJC

2N708 480°c/w 360 mw 150°c/w 1.2 w

2N709 585°c/w 300 mw 2000c/w 0.5 w

The values in Table 2-20 were used to calculate the allowable

peak power dissipation for these transistors for various values of tP

amd Tic for which t p /T Z 0.1. These data are plotted in Figure 2-66.
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It is immediately apparent that, for radiation pulse widths of

1 lis or less, the allowable peak power dissipation is greater than 100 watts

even for short thermal time constants.

If the results for the 2N708 for a rjC - I Is are plotted

on a figure such as 2-53, the resulting line is a reasonably

good fit for the forward pulsed data. Intuitively, this might be

expected since in the forward pulsed condition and in the condition

where the thermal parameters are defined, the device bulk properties

have more effect than in the case where the bulk properties can

effectively be removed either by radiation or by avalanche pulsing.

2.6.5.5 Radiation Studies

Twenty devices were tested at the Hughes Linear Accelerator

for catastrophic failure due to excessive secondary photocurrent 
(ipp2(36)

The circuit used for measuring Ipp2 is shown in Figure 2-67. The

base lead was left open so that all the primary photocurrent (i pp)

,ould generate secondary photocurrent.

A plot of the pulse width (of the radiation pulse) versus

the power (watts) generated by the secondary photocurrent is shown in

Figure 2-68 for those transistors that suffered catastrophic failure.

The dose rate failure modes of the tratisistors that suffered

catastrophic failure are analyzed in Table 2-21. Comparing these data

with that in Figure 2-56 indicates a reasonable correlation between

the radiation-induced burn-out and the electrical bench testing at the

avalanche voltage.
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FIGURE 2-68 Power Dissipation vs Pulse Width for Radiation Induced Burn-Out
for Various Transistors
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TAALE 2-21 Device Failmce Modes Due
To Dose late Effects

Trsusi*tor Y t I Power Dose Rate Failure Mode*
Type 1010 Yad(Si)/s (as) (A) (Vatts) 1 2 3 4 5 6 7

2X2270 3 6 20 560 I

2N22702 3 6 20 560 1

2X22703 3 6 20 560 X

2N37333 3 6 9 252 X X X

2X37334 3 6 14 392 X

2N37335 3 6 i4 392 X

2N37337 3 4 9 252 X X

2N40123 3 6 9 252 X

2N4012k 2 6 4 112 X x

2N40125 3 6 6 196 x

2M-128 3 6 18 504 X

2N41285  3 6 20 560 x

3TE2251  3 3 38 1064 x

3TE2252 1.2 V-( 37 1036 x

3TE225 3  6 0.15 15 !M x

3TE4403  3 0.6 35 980 X

PT29171  1.4 6 120 3360

PT291?& 2 1 120 3360 x X

TA70361 3 6 20 560 X

TA70362 3 6 19 53. X

* See next page for dose rate failure mode definition
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Definition of Transistor Fail.we Nodes for Table 2-21

1 No sustained damage

2 Base lead burned off at chip

3 i1itcer lead burned through between post and chip

4 Too mach carbon on chip to analyze damage

5 Internal open, potted zoustruction prevents

further analysis

6 Ceramic header loose from heat sink

7 Chip shorted emitter to collector
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Figure 2-69 illustrates an important concept. The Hughes

electrical test data on the 2MM2222 is plotted along with Wunsch and

Bel data extrapolated. The Hughes data was taken by pulsinL the

transistor base and allwing unlimited collector-emitter current to

fla. The collector voltages were kept belo the mxiumn ratings on the

Hughes data. The important point is that a much higher (order of

magnitude approximately) power level was required to b-irn-out the tranLastors

for this case as opposed to the avalanche condition. If the assumption

that avalanche and radiation are identical with respect to burn-out

potential, then these data illustrate the potential vulnerability to

radiation induced catastrophic failure of transistors which normally

would be working below the failure threshold.

Figures 2-70 and 2-71 illustrate some Hughes generated

electrical test data on integrated circuit transistor kit parts

consisting of transistors and interconnec3. mounted on a hesder.

There are five collectc-base geometries (A through I). The

junctions (emitter base and collector base) were pulsed in the

forward direction. An attempt was made to establish- Stch junct.on

(K-B or C-B) will burn-out first. The burn-out dependence on a.ea

was also studied. As indicated in Figure 2-70, the data spread dia not

allw& eitner determination to be made. Figure 2-71 is the data plotted

in power per unit area with Wunsch and Bell's limit drawn for reference.

Many of the devices lay outside these limits which is understandable

since most of these are emitter-base junctioas and the p-wer per unit

area is determined by dividing a relatively lrge number by a very small

one. The small number has a large error associated with its determination.

An additional variable in these data is that interconnect burn-out

is also evident. The only 4.nfrmttion to be gleasrd from these
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data is that they are representative of whant ' -ppens in integrated circult

transistors, but the various failure andes are not separable. The data

is in the same general power level area as Wunsch and Beil's data shown

tn Figures 2-54 through 2-63.

2.7 MOSFET's

MOSFET's and integrated MSFRT arrays are particularly

attractive for employment in space systems because of cheir low power

requirements and their low weight per function. They are, however,

very susceptible to permanent damage at very low integrated radiation

doses (gam and/or space electron radiation). The threshold for

permanent damage for most currently available MOSFET's is - 104 rad(Si).

Shielding can be employed to reduce the radiation dose to acceptable

levels if necessary. Of course there is a weight penalty to consider

when using shielding, especially in space systems. Gate-turn-on-voltage

(VT) is the parameter most affected by radiation. VT usually becomes

more negative and can exceed -10 V at 105 rad(Si). (3
8)

MDSFET's are not signif.cantly affected by neutron irradiation.

No significant changes in electrical parameters have been observed at neutron

doses up to 2 x 10 n/cm2 (E > 10 keV).(38)

As in the case of other semiconductors, MOSFET's are affected by

transient ionizing radiation causing the generation of junction photocurrents.

Radiatton-induced electrical transients may cause permanent damage (burn-out).

Transient effects on MOSFT's and system considerations are:

A drain-to-source substrate photocurrent is

exhibited

. Secondary photocurrents are not present

2-136



There are no radiation storage time effects analogcus

to those in bipolar transistors. However, long decay

times which are a function of the high gate impedance

have been observed after the radiation pulse terminates.

Currently ivallable circuits which use MOSFET's as

resistors may have radiation-induced short :ircuit

paths.

Punch through of the gate insilation under irradiation
does not pose a threat if diode limiters are

fabricated as part of the circuit.

On large integrated arrays, the drain-substrate

photocurrents become significant and approach the

same order of magnitude as the photocurrents

observed for monolithic integrated circuits with
comparable geometry. Therefore, for power supply

leads and other interconnections,burn-out is a threat.

There appears to be no PIIPN latch-up mechanism

in MOSFET arrays.

State-of-the-art devices with silicon-on-sapphire

-onstruction and short carrier lifetimes may have

less photocurrent by -wo orders of magnitude than

equal geometry bipolar devices. Radiation-induced

short circuit paths may , 3liminated and the damage

threshold sould be improved. However, these devices

are not currently available in quantity.
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Shielding should be provided against normal space

radiation to insure mission completion.

Current limiting resistors should be provided to

prevent burn-out.

Examination of the above summary indicates that the radiation

threat tn MDSFEr's reduces to catastrophic burn-out, of power supply or

circuit Interconnections as a result of large radiation-induced

transient currents. The threat to the power subsyctem will be due to

the substrate currents as in the case of monolithic integrated circuits.

2.8 Silicon Controlled Rectifiers

Silicon controlled rectifiers (SCR's) are four-layer semiconductor

devices which regenerate and switch upon application of an input pulse.

After removal of the input, the devices remain in the switched state.

Like most semiconductor devices, SCR's are sensitive to ionizing

radiation. Radiation generates a photccurrant within the device. If

this photocurrent is above a certain threshold level, then the SCR

switches and changes its output voltage and current states. Radiation

rwitching thresholds vary over a range of at least four orders of magnitude

(10,000:1) for available SM types and typical circuit design techniques.

Of particular interest to the designer are the worst-case radiation

thresholds, below which switching will never occur.

It has been found (3 9) that the transient radiation switching

thresholds (critical radiation exposure rate) for SCR's are functions

of the radiation-pulse width. For pulse widths greater than a critical

value, the exposure rate required to trigger an SCR becomes constant.
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This critical value is a function of the device minority-carrier lifetimar

and device "turn on" delay time. For pulse widths less than the critical

value, the exposure rate required to trigger an SCR increases rapidly as

the pulse width approaches zero. The dependence of the switching

threshold of a 2N3027 SCR on pulse widths and radiation exposure dose

rate can be seen in Figure 2-72. The critical pulse width for this

device is approximately 1.3 Is.

The transient radiation switching theshold of particular SCR's,

in most circuits, can be approximated by electrical measurements. Studies

show (38,39) that strong correlations exist between radiation-induced and

electrically induced SCR switching. Strong relationships have been

shown, for a limited number of SCR's, between threshol. radiation-exposure

rates ( !T ) and radiation-induced threshold currents ( * T); and betieen

1iT and electrically induced threshold gate currents ( IGT ). These

relationships have been simplified for presentation. At this time, these

simplified relationships are estimated to have general validity within

a factor of four (adequate for many predictions) if the radiation

predictions are performed, with respect to electrical measurements as

outlined below.

The general SCR circuit applicable for radiation-threshold

predictions for a particular radiation pulse width ( t ) is shown inpx

Figure 2-73. Using this circuit, t:e following electrical paraaeters

must be determined:

I GT M gate threshold current at tp 1 &s

I TX  - gate threshold cuirrent at pulse width of interest
(tp tPX )

V GT gate thv shold voltage at t 1 i s

2-139



51279 t0

210027 SCR

-a G
dR

L  I01

tA I Ipsi

w ALWAYS FIRES

to
NEVER FIRES

S.S 15 2.o 2.5 3.0
RADIATION PULSE WIOTH., tp (j±sac)

FIGURE 2-72 SCR Radiation-induced Switching Threshold

VAA

A

IT TA"°
SCR

G

67VCT C

r_ I

FIGURE 2-73 SCR Circuit Configuration

2-140



In addition to the above data, the switching time, t; , of t particular
SCR must be determined. The circuit in Figure 2-74 aust be used for the

t' measurement. The empirically determined correlation between the
5

radiation-induce ionization current, IY1, (for a I ss pulse width) and

the switching time t' is shown in Figure 2-75. Using this correlation
a

the following formula for the threshold radiation exposure rate can be

derived:

6 [1 T v vT -v ]
(10 ) 1 [l + + [ l Z lIl ZG (2-37)=[ I -t /0.l5\1 2-7

t 1.1 -0.15/t, kl-e / )I

where t is the radiation pulse width of interest measured in microseconds.px

Equation 2-37 is valid if the anode supply voltage VM is less than one-half

the SCR breakover voltage and the parallel combination of the gate

impedance ZG and the source impedance (ZS) is greater than 500 ohms.

Equation 2-37 will give the mean threshold exposure rate. If worse-case

prediction is required then !T should be divided by four.

Figure 2-76 illustrates some SCR parameters as a function of

neutron dose. Gate turn-on voltage (VG.), gate turn-on current (I ),

and holdintg current-(I ) increase with increasing neutron dose. The

holding current increase is actually an advantage in the circuit of

interest because it accelerates turn-,3ff. SCR's will be usable at
13 2

doses greater than 10 n/cm
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If SCR circuitry is to be used in a dc system. the SCQ should

be used with a current lizdted nower source. An acceptable circuit is

illustrated in Figure 2-77. The capacitor (C) is charged through QV"

a. the SCR is triggered by a short pulse. The only current source

for the SCR is C, which discharges rapidly. The SCR will turn-off

when the current supplied by C falls below the holding current. Under

irradiation, the SQ and Q will turn-on. QI attempts to charge C

while the SC discharges C. The discharge time constant is much

shorter than the charge time constant; therefore, the SCR will not

stay on for any prolonged time due to ridiation. D1 also helps

discharge C under Jrradiation.

2.9 Solar Cells (See Classified Supplement - Section 2.9)

2.10 Other Como-nents

Host other electronic piece parts used in space power subsystems

will not limit system survivability. Damage due to neutrons and gauna

rays should be negligible when compared to minority tarrier semiconductor

effects. Electronic materials and parts which are considered hard are:

* transformers

. chokes

TWdTs

* cables

* wiring

* batteries

M!otors

connectors

strip lines

* fuel (hydrozine)
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passive microwave parts (mixers, hybrids, switches)

c structural materials (metals, organics, see Section 3.0)

Quartz crystals may experience some degradation at moderate gma dose

levels. A permanent change of approximately 13 lz is expected for a

130 MHz crystal at a dose of 5000 rad(Si). The Q decreases by a factor

of 2 to 4 for a dose of 2 x 104 rad(Si), but it recovers in a few

minutes after the pulse terminates.
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3.0 MATERIAL EFFECTS

3.1 Mechanisms

3.1.1 Atomic Displacements

The most characteristic effect of high energy radiation i'.

materials is the production of displaced atoms. This effect is

associated with the neutron component of the nuclear weapon environ-

ment. These atoms are formed when an incident high energy particle

transfers sufficient energy to an atoin of the solid to literally knock

it out of its lattice position. This energetic atom, termed the primary

knock-on, can in turn displace other atoms in the solid, so thac a

cascade of displaced atoms can result. There will occur in the material,

therefore, regions in which the normal crystal structure is disordered.

The sensitivity of a given material to neutrons, then is associated

with the presence of these disordered regions and to the extent to

which they affect a particular material or physical property.

3.1.2 Atomic Ionization

A second characteristic effect that occurs in materials ex-

posed to high energy radiation is the excitation and ionization of

atomic electrons. This can occur simultaneously with the production

of atomic d'splacements, or it can occur as the predominant effect in

a mater.al. Gener lly, the effect of ionization is to be associated

with the gamma or x-ray radiation component of the nuclear weapon.

The extent to which ionization or displacement production dominates for

the total weapon environment depends upon the material itself, that

is, whether it is a non-metallic inorganic, an organic, or a metallic

substance.
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3.1.3 Thermomechanical Effects

A third effect that can occur in the nuclear weapon environ-

ment is associated with the x-ray component of the nuclear weapon. This

effect, unlike the two effects discussed above, is best thought of as

a bulk, rather than an atomic effect. It occurs wlien the energy deposi-

tion is such as to heat the material significantly on a time scale of

the order of the radiation exposure.

3.2 Organics

The clan of organic materials is a large one and includes

elastomers, plastics, and organic fluids. As a general rule radiation

effects in this class of material are associated with the ionizing

effect of high energy radiation wheLher this results frcm gamma rays,

x-rayG, or indirectly from neutrons.

These materials can be divided into two commonly occurring

classes. The first consisting of long chains of repeating units with

a molecular weight exceeding 106. These are essentially one dimensional

molecules. Examples of long chain molecules are polyethylene, rubber,

Teflon, and cellulose. The second is a class consisting of a three

dimensional network of polymers that can be thought of as one giant

molecule. Three dimensional network type materials are ureaformaldehyde,

phenol-formaldehyde, and vulcanized rubber.

The sensitivity to radiation of the polymer comes from radia-

tion induced breakage of one bond in a polymer consisting of 105 bonds

or radiation Induced cross linking. This will double or halve the

molecular weight which in turn can alter the important physical

properties such as viscosity, elasticity, and solubility. In addition
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to these physical changes, gas evolution can also occur in some

polymeric materials as a result of radiation exposure.

3.2.1 Elastomers

In the case of these polymers it shouli be realized that the

recipes for specific types can vary in their composition and that

correspondingly, the response to radiation can be somewhat different.

The elastomers gener7ally are stable to radiation up to

106 rad(C) with natural rubber being among the best since it is

unaffected by radiation up to about 2 x 106 rad(C). Above this tbere

is a tendency towards decreased elasticity and increased hardness.

A decrease in tensile strength is not observed until about 2 x 107 rad(C).

Polyurethane rubbers are the most radiation tolerant with a

threshold at about 9 x 106 rad(C). A degradation of about 25% at an

expos.;re of 4 x 107 rad can be expected. Vacuum irradiation has

about the same effect as air irradiation. Combined radiation and

temperature effects up to 260 F are the same as for radiation alone

with respect to tensile strength. Cure and filler are important,

however, in determining exact radiation tolerance of this class of

rubber. It was found ( 1 ), for example, that Estane VC cured with

dicumyl peroxide was the most radiation resistant compound t~ited.

Adiprene C, reinforced with carbon-black and sulfur cured, on the other

hand, showed poor resistance to radiation.

Butyl rubber is the least stable to radiation. Tensile strength
6 (2)

and elongation are degraded 25%. at about 4 x 10 rad(C)

Neoprene varies in its response to radiation, depending upon
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the type of polymer, cure and additives; in general tensile strength

e3creases for radiation exposure in the range of 4 to 9 x 10 rad(C)

end then increases again with increasing exposure. Data obtained on

the effects of vacuum irradiation are in conflict. The results of

Kerlin ( 3 ) indicated that combined vacuum-gamma radiacion effects

were more severe than irradiation in air. At 2 x 107 rad(C), the

tensile strength for vacuum-gamma irradiated samples decreased from

3134 psi to 191 psi. In another experiment ( 4) little difference was

noted between vacuum and air irradiation results at an exposure of

8 x 107 rad(C).

Silicone rubbers, in general, are less resistant than the

average of other elastomers. The tensile strength increases with

irradiation in air to approximately 107 rad(C) and then decreases

rapidly. Elongation is the property most sensitive to radiation, 50.

elongation being retained after exposure to 5 x 107 rad(C) at room

temperature. For gamma radiation in vacuum it 4s found that the

radiation resistance is about the same or somewhat greater than in

air.

The relative behavior of elastomers under radiation is

( 5)summarized in bar-graph form in Figure 3-1

3.2.2 Plastics

The resistance to radtation of plastics falls roughly into

three classes. In the first are those showing reststant behavior to

107 to 109 rad(C). These are polystyrene, mineral-filled phenolics

and polyesters, phenolic laminates, polyethylene, polyethylene terephtha-

late, polyvinyl chloride, epoxies and glass reinforced silicones. The

257. degradation point is in the range 108 to 109 rad(C). The second or
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intermediate class with respect to radiation degradation include:

melaujue fo-maldehyde, unfilLed phenol-formsldehyde and area-formlde-

Lyde. This class remains u ffected ty radiatim up to the range 10

to 101 r~d(C) with 25, degradation at 107 to 10a rad(C). The third

or poorest class is code up of the cellulosics, polyamides, Teflon,

and unfilled polyvsters. Degradation thresholds in these plastics

occur at 104 to 106 rad(C).

Becaate of the relative hardness of the first class of

plastics above with respect to a radiation environment, further

detailed discussion of it is c'dtied. Because of the relatively low

thresholds of the last class, on the other hand, a more detailed

discussion is warranted together with a somewhat less detailed dis-

c-4ssion of the second class. The relative behavior of thermoplastics

and thernosetting resins as a function of radiation dose is presented

in bar-graph form in Figures 3-2 and 3-3(5) .

3.2.2.1 Fluorethylene Polymers

This class of polymers is perhaps unique in that its members

combine exceptionally good temperature and chemical resistance together

with a tendency to degrade in the presence of radiation, with the

degree of radiation degradation depending criticaIly upon the ambient.

Early tests on Teflon showed a relative'y pocr radiation resistance in

air axd it was inferred that this would limit its usefulness generally.

Lter tests, however, indicated that its resistance to radiation ex-

posure in vacuum is about two orders of magnitude better than its

resistance when exposed in the presence of oxygen.

Of the se-;eral types of fluorcarbon polymers, FEPIO0 Teflon

(a hexafluorapropene and tetrafl'orethylene copolymer) is considerably
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(5)

3-8



more radiation resistant in air than TFE Teflon (tetrafluorethylene).

The threshold damage for Tf in air is 1.7 x 104 rad(C) with a 251

degradation occurring at 3.4 x 10 4 rad(C). In vacuum, the tensile

strength of TFE is satisfactory to 8 x 10 7 rad(C). FEP Teflon is also

more stable under irradiation in the absence of air. A set of data

comparing vacuum and air irradiation as obtained by Shaffner(6 ) is

shown in Table 3-1.

Radiation test results( 3 ) in Duroid 5600, a glass-fiber-

reinforced Teflon show a retention of 40 of tensile strength and

some flexibility at 1.2 x 10r8 ad(C) in air.

Tedlar 0 ) (polyvinyl fluoride) in the form of a 4-mil film

was radiation resistant to 108 rad(C) but decomposed above that level.
(3)

Kynar() (polyvinylidene fluoride) reLained its tensile strength

under irradiation in air and vacuum to a threshold of 107 rad(C).

In addition to the mechanical property, the dielectric

behavior of the fluorcarbons is also affected by radiation. The low
a

frequency dissipation factor of TFE Teflon is considerably affected

by irradiation. The loss at high frequencies is less affected. As

in the case of the mechanical property, dielectric behavior is in-

fluenced by ambient oxygen during radiation exposure and recovery.

At frequencies less than 1000 Hz and at a dose of 2 x 106 rad(C) the

dissipation factor of TFE-6 Teflon increases approximately 13 times

its original value . For FEPIOO Teflon, in contrast, dissipation

and dielectric constant are relatively unaffected by irradiation in

vacuum( 7 ) at 6 x 106 rad(C).
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3.2.2.2 Cellulosics

Cellulose polymers are cellulose acetate, cellulose acetate

butyrate, cellulose nitrate, cellulose propionate and ethyl cellulose.

They are in the class of plastics with the poorest radiation resistance.

Physical properties deteriorate rapidly under gac radiation. At

1.9 x 107 rad(C), cellulose acetate, one of the more radiation-resistant

cellulosics, has deteriorated by 25%. )

3.2.2.3 Polyamide (Nylon)

The material is used generally for gears, bearings, valve

seats, and electrical equipment. The radiation behavior of nylon

depends upon its physical form. In sheet form a threshold for damage

is at 8.6 x 105 rad(C). Its tensile strength increases with radiatio,

exposure ( 8 ) . Nylon fiber on the other hand is reported to lose strength

rapidly when irradiated in the presence of air ( 9)

3.2.2.4 Polyesters (Uvfilled)

Unfilled polyesters have poor radiation resistance. The addi-

tion of mineral fillers, however, can increase radiation stability about

two orders of magnitude. Plaskan Alkyd, a mineral filled polyester,
! begins to deteriorate at 8.7 x 107 rad(C) while the unfilled polyester

exhibited deterioration at 10 to 10 rad(C).

3.2.2.5 Amino Resins

This class of materials includes ureaformaldehyde, melamine

formaldehyde, and amilene formaldehyde. They are thermosetting resins

used in shock proof laminates and wiring devices, as adhesives, and in

surface coating formulations.
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Ureaformldehyde is unaffected to a threshold of 7.4 x 106 rad(C),

and is degraded by 25% at I x 108 rad(C). Urea and melamine formaldehyde

when filled with cellulosic materials is observed to become brittle,
( 8)

blister, swell, and crumble upon exposure to gamma radiation

3.2.2.6 Polyiaide

Fibers of this material (UT-1, DuPont Namex yarn) are unaffected
to an exposure of 3 x 108 rad(C) . Dupont '"i" film considered for

use as a hydrogen barrier was irradiated in liquid nitrogen. Tensile

and tear strength were not affected to a significant degree at an

exposure of 2 x 107 red(C), nor did radiation effect hydrogen permea-

bility.

3.2.3 Organic Fluids

As in the case of solid organic materials, the primary radia-

tion effect in the fluid is the rupture of bonds leading to material

degradation. For overall radiation stability, branched chain esters

for example, isoprcpyl, are less stable than straight chain compounds 10 .

Aromatic compounds are generally more stable than aliphatic structures

as a result of the ability of the aromatic molecules to dissipate

energy absorbed from incident radiation without bond rupture. Also

the addition of aromatic compounds such as benzene to aliphatic hydro-

carbons increases their radiation stability.

Because of their superior characteristics in a high tempera-

ture or combined high temperature radiation environment, the

polyphenyl ethers and alkyleted aromatic ethers are likely to be

cardidate lubricants coolants, and working fluids for space power

systems. With respect to the gamma and neutron components of the

nuclear weapon environment these materials possess radiation thresholis
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(>_10 tad())for degradation considerably abo. that likely to be

encouutered. Therefore no detailed discussion of their relative

radiation resistance will be given. Instead bar-graph data is shown

in Figure 3-3 of the relative radiation behavior of various types of

lubricants.
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4.0 GENERAL SYSTIS AND CIRCUITS CONCIMP

4.1 Description

Effects due to the interaction of a nuclear environment with

circuitry are discussed in this section. Radiation hardening guide-

lines and techniques which are applicable at the circuit and subsystem

level are swmerized.

One area of zoncern is the transient effects caused by high

radiation dose rates. Provided a recovery to normal operation is

insured, the effect of this transient radiation disturbance will be

to effectively cause a system "dead time" during which the system will

.ot function properly. This dead time may range from 50 nanoseconds

to several milliseconds. Transient effects will manifest themselves

at the circuit and system level as severe overloads and overdrive

conditions. Component damage and burn-out, insulation failure, and

the generation of spurious signals are areas of concern. A circuit,

subsystem, or the complete system can be threatened by component

damage or can be forced into an operating mode that is irreversible.

The transient radiation interacts with the spacecraft power distribu-

tion system in such a manner as to make maximum power available for

several tens of microseconds. SoL.r cells are excellent energy

converters for ionizing radiation. At the same time the load current

increases due to radiation-induced currents.

In power subsystems which use volar cell power backed up by

batteries, other events may occur simultaneously with the increase in

solar power capability. The battery controller switches, power sup~ly

switches (to redundant circuitry) battery charging switches and

telemetry switches will be affected by the transient radiation pulse.
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The radiation pulse can turn on all of these switching functions and

lock them on for several tens of microseconds. Maximum energy is

available to the system during this time. The solar cells can provide

several timer their normal current, and vith the batteries connected

to the primary buss, the batteties are charged with a current several

times their normal rate. The system iuz is increased considerably,

all redundant circuitry is powered, and saturation conditions exist

throughout the spacecraft electronics. lArge currents will flow during

this time which can cause component damage if the currents are not

limited to safe values. The series pass transistor in regulators may

be severely overloaded during this time.

Buss limiters are sometimes incorporated into space power

systems. Their function is to limit the solar ..'ray output voltage.

The radiation environment will turn on the l-iters but the limiters

will be ineffective in shunting all of the excoas current available

since they themselves are current limited.

Some circuit applications (typical of satellite systems)

where component damage might occur are discussed below

Figure 4-1 illustrates an r-.imple found in a telemetry

encoder. Normally only one transister is ON at a time. Radiition can

turnboth transistors ON and short the power source to grouri through

the transistors. The power source can be current limited i this case

but damage may still occur due to the low power devices generally used.

Figure 4-2 illustrates motor control (simplified) circuitry.

The motor is switched to +V for acceleration and to ground for braking.

Radiation can turn both transistors ON and short the power source to

ground through the transistors.
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Figure 4-3 illustrates a portion of a dc-dc converter where
oe transistor is nordlly sr d t other OFF. Ragiation can trm

bot transistor is mald sh t the po r sot t e r cc g a d t o u ah t "e

transistors ad the low Impedance transformer viding. Sach transistor

is presented with a shott circuit load due to the trasfoomr action.

Precautions should also be taken tc insure that the oscilator in the

dc-dc converter will start after the transient radiation distsrbence.

Fijure 4-4 illustrates 3 problem that might exist due to

u1'-2ted photocurrents. The capacitor is charged prior to the radia-

tion pulse nd the diode is reverse-biased. During the transient

radiatio- disturbance the diode conducts and preser as a very low

impedance to the capacitor. The high current vw.ch flous may damage

the diode.

The zhort circuit current and time zeuired to burn-out soe

specific types of transistors are shown in Table 4-i. These data are

representative of the situatior where a transLtor is connected

between an energy source and ground without adequate current limiting.

TABLE 4-1. Transistor Burn-out Surrent and Time

lype Time Current-Short Circuit

(as) %A)

2N388 25 7

2N955 25 0.5

2N1308 25 100

2Nio13 25 1

2N2222 25 0.34

PT2917 25 100
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FI=3. 4-3 de-dc Converter Circuitry

FIGURE 4-4 Diode-Capacitor Circuitry
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A problem peculiar to linear circuits is that of prolonged

settling time (after a transient radiation disturbance) due to the

circuit time consteats. Coupling and bypass capacitors, filters, and

frequency shaping networks may prolong the circuit recovery time.

These circuit elnmts should be kept to a minimum and, where possible,

filters and frequency shaping netiorks should be located at the circuit

output to eliminate the effects of circuit gin. An effort can thus

be made to keep the circuit recovery time on the order of the component

recovery times.

The interaction of the tra,*ient radiation disturbance with

the system can be considered as the generation of a noise pulse through-

out the system where each componeat is an effective pulse generator.

The pulses generated in the components propagate through the normal

signal Faths, being amplified and/or cancelled in the process. The

techniques for handling noise are applicable to the radiation hardening

process. Filtering, cancellation, and differential techniques can be

used as hardening techniques.

4.2 Linear Amplifiers

Nuclear Irradiation of components caises transient ad

permanen: distrbances within and around the individual components.

A given component my have more than one paraeter vhich is disturbed.

A transistor will experience changes in base-collector leakage current,

current gaiu, saturation voltage drop, leakage resistance, base to

emitter voltage drop, etc. For a given type of transistor, however,

some parameters may experience a large disturbance and other parameters

may experience _.o.pritively small disturbances. The overall effect

on the circuit in which this component is used depends upon those

radiation-induced variations in the parawters of the device which are
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most important foi the pazticular circuit application. For an open-

loop *c amplifier. the current gain parameter is normally most

important, but for a commtating switch the saturation voltage

parameter is normally most important. The process of hardening

requires that the circuit components be selected on the basis of a

tolerable parameter change with regard to the specific circuit

application which the componamt must fulfill.

Beta degradation due to nuclear radiation dose (primarily

neutron dose) reduces the maximm gain capability of an open-loop

amplifier, and consequently additional stages may be required to

maintain a minimum Input-output signal gain. Beta degradation mmy

also reduce the open-loop gain capability in a closed-loop (operational)

amplifier application and thus degrade the accuracy performance of the

amplifier. Again, additional stages may be required in order to

easire adequate open-loop gain, after radiation exposure, to maintain

a specified accuracy perforwnze.

Successive emitter-follower stages, where MPH and PNP transis-

tors follow each other, are of concern during transient saturation,

since the collector power supplies will essentially be shorted

together through the transistors. The transistors may be destroyed

by the resulting excessive current flu%, th: #ugh them.

Amplifiers which use emitter resistors to present a high input

impedance, will suffer a decrease in input impedance as bets degrades,

since thic imptdance is a function of beta times the emitter circuit

resistance.

The quiescent operating point of a capacitively coupled

amplifier may cha nge if the decrease in transistor input impedance is
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sufficient to load daw the biasing network. If this effect io

important vith respect to the amplifier output, tien a lower

impedance bias netork may be required. A permnent increase in VU

due to neutron dose amy also cause a change in the amplifier operating

poinz.

The recovery time to a norml output condition of a transistor

amplifier responding to a transient disturbance, is a function of the

relaxation time of the transistor, the loading circuit, and the driving

circuit. The relaxation time of the loading and driving circuits my

greatly exceed the relaxation tire of the transistor if they contain

reactive (capacitive or inductive) coupling elements. These areas of

signiffcance in the radiation response of linear amplifier circuits

are suinrize; belou:

Changes in conductances between no4es, the creation of

rerlacement currents, and primary photocurrents

Secondary ph-otocurrents

* Delayed component responses

Circuit interacrions and recovery modes

Of the four causes of disturbance in linear ampiifier circuits

listed, the last, circuit interactions, is the fundamentls cause of

long recavery times or "black out" periods. The circuit designer musc

be acutely aware of chis type of circuit disturbance.

The effects in the first item are thosp rhich closely follow

the time nistory of the ganmma radiation pulse. These effects may be
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represented by the addition of simple conductance paths or current

generators in an equivalent circuit. Secondary photocurrent is handled

sepmrately since it is not a simple function of device physics, but is

also dependent on circuit impedances and time constants. Delayed

component responses are those which persist for some time period after

the ionizing radiation. one such effect is the delayed conductivity

of dielectrics. The last category, circuit interactions and recovery

modes, is peculiar tn t at it is not fundamentallj a funcc!on of radia-

tion effects on component -, but rather an effect which occurs due to

the electrical interaction of components in the circuit topology. This

is discussed in detail in Section 4.3.

F Normal methods used in minimizing overload recovery problem

in conventional circuitry may be applied in solving the "'black out"

phase of the radiaticn problem. However, in conventional design, the

circuit engineer need be concerned oily with signals at the circuit

input. Under transient radiation conditions, effective inputs are

present at each component. Minimization of overload recovery after

ionizing radiation is then much more difficult than for simple signal

conditions.

Figure 4-5 illustrates prolongment of circuit recovery time

from transient radiation. ( 2 ) Here the signal present from a previous

stage causes charge integration to oczur or. a coupling capacitor.

This change of charge results in an undershoot at the transistor base

and a subsequently long recovery time at the co1l1ctor. This situation

is familiar to the designers and users of nuclear pulse height

analyzers, since this charge integration is nothing more than an

extreme example of '"base line shift". The other cause of charge

changes on circuit capacitors, ionization leakage, is of course often
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bignificant, but must not be confused with electrical signal integra-

tion.

Direct-coupled stages normally recover as a function of the

relaxation time of the transistor, and are therefore preferred, if

bias stabilization criteria can be satisfied.

The other three causes of overall circuit disturbances

(leakages, replacement currents, *riiny pbtocurrents and secoadary

photocurrents, and delayed component responses) are disturbance inputs,

at the component level, which cause long recovery times. The minimiza-

tion of any of these three inputs by using less radiation sensitive

components will enhance overall hardness (in general) but does nothing

to reduce the potential electrical recovery time if circuit topology

remains unchanged. Therefore, since the circuit electrical recovery

is most often the primary contributor to overall circuit malfunction

and "black out", it warrants first consideration in circuit hardening.

4.3 Nonlinear Circuits

Nonlinear circuits such as flip-flops and other logic circuits

will be the least vulnerable to a nuclear environment, insofar as any

permanent damage that might result, although temporary inoperability

may occur.

Logic circuits are nonlinear in normal operation and operate

either in saturation (ON) or in cutoff (OFF) condition. The tr.nsient

saturation experienced by Iogic circuits as a result of nuclear rajia-

tion may force them into abnormal conditio:is or operating seqkences;

e.g., upon recovery from trarsient saturation, d flip-flop may or may

not assume the same logic condition which existAd prior to radistion.
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Thus, a flip-flop counter will recover to a random count after radia-

tion-induced saturation and rearms sequential operation from that

point. Whether this effect is critical or not depends upon the system

in which it is used and the sequential functions which it controls. If

this is critical, a square loop meory core my be used to provide

memory action after the cessation of ionizing radiation.

logic driving circuits used to read digital data into and out

of memory stores will also be saturated and, upon recovery, the aqmory

locations so driven Vill contain random information. All of the data

stored in a random access memory could be destroyed.

All commutating transistors, whose collectors are tied to a

comion point and whose emitters are each tied to a signl! source

(sensors). will bi saturated simultaneously, thus shorting all driving

signals together.

Digilog switches, in digital-to-onalog conversion circuits,

and logic switches which drive emitter followers, are vlneraLle to

transient radiation, since transistor saturation will short two power

supplies together through the transistors, large filter capacitors

across the power-supply outputs may be undesirable since they provide

the digilog switches with energy sources for large transient currents.

The decrease in bets, due to nuclear radiation, requires

that the base driving current be proportionately increased (as beta

decreases) to maintain a given collector-current loading. Thus,

hardened switching circuits must be driven quite hard into saturation

in normal operation so that they will be capable of being saturated

after bets degrades. This overdrive, however, has the effect of
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requiring a greattr time to turn-OFF the transistor when bringing it

out of the saturated statg. High-speed logic switches, therefore,

require special techniques to :orrect for this nuclear-hardening

overdrive in order to maintain the svitchiug-speed capability. Some

of the hardening techniques may include low impedance circuitry. photo-

current compensation, emitter loading and a balanced pair of transis-

tors in the output stage.

The increase in Ico after nuclear radiation may be important

in loce switches. A reverse base-emitter voltage is required to

keep the transistor cut off in the OFF state. This voltage is normally

provided through resistive dividing networks in the base circuit from

a reverse-bias power supply. The eifect of the leakage current, ICO,

is to bring the transistor closer to conducticn. Since ICO increases

due to nuclear radiation, the reverse-bias hold-off networks must be more

effective, i.e., smaller resistor values and/or higher bias voltages

must be used.

A small increase in VBE due to nuclear radiation will tend

to decrease the voltage drop across the base-drive resistor and, .-onse-

quently, tend to decrease the Ibse-drive current. This effect is

compounded by a simultaneous )-eta degradation, as discussed previously.

To maintain a given level of brse-drive current after radiation, the

base-drive circuit must be a lower impedance than that required for

preirradiation operation.

Increased VSAT due tc nuclear radiation decreases the ability

of the output of a saturated ON-state switch to hold a successive

transistor switch in the OFF state. To compensate for this effect,

the input base reverse-bias resistor fietwork of the successive transistor
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switch mat be of lower impedance than normal thereby providing high

"hold-OFF current" and requiring less "hold-OFF current" from the

saturated state. This condition ir compounded by the increase "n

leakage current, ICO, which has tre same system effect.

The nuclear radiation effects of decreased forward-current-

gain characteristic (01 increased leakage current (ICO),increased base-to

emitter voltage drop (VB) X and increased saturation voltage (VSAT)

all require that logic switching circuits have "stronger" base-drive

networks to ensure swit,.hing the Lransistor into the ON state and

have "stronger" reverse-bias hold-off networks to ensure switching

the transistor into the OFF state. "Stronger" networks imply lower

impedances and more current thereby requiring more power and

restricting fan-out.

The transient saturation experienced by both transictors in

a multivib-ato,. used to generate clock pulses, will not force them

into abnormal operating Points since they normally operate in

saturation or cutoff. It will, however, force them into an abnormal

operating sequence since both transistors are not normally saturated

sim'ultaneously. Upon recovery from saturation, the circuit may assume

a random state but should function normally provided the transistors

are not damaged by transient-overload conditions. If the output side

of the multivibrator is loaded with an emitter-follower, then the

multivibrator emitter power Aupply may be shorted to the emitter-

follower collector power supply through the two transistors. Correction

of radiation effects on clock-pulse-generation are generally futile if

the logic circuits which use this clock pulse are similarly affected.

Then, for high tadiAtion-rate and high-speed operation, ill circuits

must be inherently hardened.
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The decrease ir. 5 after nuclear radiation requires a stronger

base-drive capability to ensure 3ood switching conditions between the

two transistors. This effect can be minimized by reducing the R while

proportionally increasing the C in the base RC driving network. It Is

assumed that the 5 1. great enough to maintain a regenerative loop.

The increase in leakage current (I O) after nuclear radiation

will tend to load down the RC discharging network on the transistor

base, thus increas.ng the frequency of clock-pulse generation. This

effect can be minimized by again reducing the base drivtng resistor

(R) while provertionally i.ncreasing C in the RC network.

The change in VBE after nuclear radiation will tend to alter

the frequency -f clock-pulse generation, since the base RC circuit must

dischaige to a different point before the OFF transistor begins to

conduct. This effect can be minimized by selecting a transistor whose

VBE does not change appreciably as a function of nuclear radiation and

by ensuring that the slope of the RC discharging waveshape is steep as

it reaches the required voltagc-time relationship.

The increase of the collector-to-emitter saturation voltage

(VSAT) will increase the frequency of clock-pulse generation. The

frequency increase will be in proportion to the ratio of the increased

VSAT ve the voltage normally switched at the collector of the transistor.

If clock frequency is controlled by a cxystal oscillator,

then the output phase, frequency, and amplitude of the oscillator must

be considered in the design. This consideration must include shock and

temperature as well as ionization and degradation.
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4.4 Potocurrent Cqmnsation

Slhe dominant effect of ionizing radiation upon sealcood-ctor

circuitry is the production of the primary photocurrent (i ) across
pp

semiconductor junctions. Transistors used in linear applications vill

amplify the primary photocurreat induced in the base by we bets gain

of the device: thus resulting in large collector voltage spikes.

Transistors in nonlinear applications will beta multiply the induced

base photocurrent in excess of that mount required to forward bias

the base junction. Thus, a normally OFF circuit my be induced to

switch ON by the ionizing radiation enviroment. In each case the

circuit will return to its normally biased condition siatr the

ionizing radiation enviroiment has subsided.

Neutralization of the primary photocurrent my be accomplished

in several ways. Increasing the OFF bias of nonlinear circuits is one

method of defeating the "turn-ON" effect of i pp. This is rather

inefficient, hovever, since more bse drive current must be supplied

from the source sigral when the circuit ts to be "turned-ON" during

normal circuit operation.

A more efficient technique is that of compensation ( 3) wherein

a second semiconductor device is used in the circuit such that its

primary photocurrent opposes and caacels the unwanted primary photo-

current. This technique is shown in Figure 4-6 where the photocurrent

of diode CR-i is of such a polarity as to oppose and cancel the primary

photocurrent induced in the base of the transistor. Note that the

diode CR-i is reversed biased and does not contribute to normal operation

of the total circuit. Its only functional contribution occurs during

ionizing radiation. Such a technique as this can be effectively used

in linear circuits as well as nonlinear circuits.
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Figure 4-7 Illustrates anether technique for compensating

radiation-induced photocurrent effects. Both transistors are biased

in a linear operating condition with the signal applied to the lower

transistor, Q2. Consider te voltage at point V,^. The effect of ip;

due to Q, alone, is tc force point V0 positive with respect to ground,

and the effect of due to alone, is to forcc -i: V.- negative.

1herafore, if i effects are bslaned, no effect is evtdeta at point
pp

V0 since the effects of QI and Q2 canczA.

A third approach is illustrete4 in Figure 4-8. The signal,

plus radiation noise, is iiiected at the base of Q and is added to or

subtracted from the radation-indu.ed effect of Q V The base oi Q2

vould be grounded through an appr'.priate impedsuce and thus the only

signal coupled through Q2 is the radiat'on-induced effect in 2 -. The

Aignals suu-ed at point V0 are the signal plus nolse injected (positive

signal assumed) at the base of Q, (this signal is inverted and amplified

by Q1), the radiation-induce.' signal in Qi itself (a negative signal),

and the radiation noise pulse from Q2 that is amplified but Dot

inverted (a positive signal). Therefore, if the positive noise sig"l

from Q2 is equal to the two negative noise signals sumed at point V0,

then the remaining signal at point V0 is just the amplified signal

from the base of Ql. Diode D, is included to help control the radia-

tion-induced currents.

Shunting the primary photocurrent (ipp ) around the

collector impedance (R1) may be accomplished as shown in Figure 4-9.

When the dose rate reaches a critical value Q, turns ON and secondary

photocurrent (ipp2) begins to flow, A direct short from +V to ground

would be apparent if R2 (although 3mall) wis omitted. Therefore R2 is

required to limit current.

4-i8



01 111 IS

424

DI of

Wt  12) 0 IL
a sl t o - t o l ' .r a s 116; "

"12 2 ;NPUT OF COPENtSATED STAGE DUE TO '
j *=2 INPUT OF COMPENSATED STAGE DUE TO '

- SGNAL

FIGURE 4-8 Circuit for Compensation of
Photocurrents and Noise

51132-3.

Q2 !R"

Opp

'4, ~ISPP2

FIGUME 4-9 Circuit for Shunting Primary Phococurrent
Around the Collector Impedance

4-19



(4)
Similarly, the primury thotocurrent (p) my shunt fl- base-

pp
ecitter impedance as shown in Figure 4-10. Notice that no emitter

current limiting resistor is required since RI limits the current

thxcugh both Q and 2 when Q, is turned ON.

Another technis -owhere the primry photocurrent (i pp) is

shunted to minimize currenL _ the eritter load (RL) is shown for the

switch circuit in Figure 4-11. .r~mary photocurrent from Q2 (ipp) is

shunted to ground in the normalLy a. 6ated common-eitter stage QI.

Once again it is necessary to limit c-trrent by Inserting R3 in the

collector of Q2"

4.5 Filterinit

Relatively low-frequency circuitry can be hardened against

high-frequency transients ionizing radiation by using filtering tech-

niques in the same manner as for reducing the effects of noise.

The prik.;.y photocurrent induced by ionizing radiat'n may be

considered as unwanted noise. The amplitude and duration of the primary

photocurrent are related to the intensity and duration of the ionizing

radiation. These effects may be likened to thcse of subjecting the

circuit to a noise environment. Thus, the circuit design techniques

used to defeat noise effects are also applicable to defeat ionizing

radiation effects. Filtering, compensation, common mode rejection,

etc., are all to some degree effective against this portion of the

rliation environment.

An illustration of the power of the methods is the case of a

sampled data system ( 5) which operated at a 10 MC clock rate through

an environment of 3 x . 10 rad(Si)/s. At this level of radiation the
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very best of silicon semiconduczot 1ovices will have iaduced primary

photczurrents in the order of 50 illasp--.'. Othei 'ess-resistant
seziconductors will experience Inducel primary photocurrents of even

greater magnitudes.

Figure 4-12 shwas the hsic sample/hold circuit designed for

a aampled dtf- .vstem. The circuit is essentially a threshold detector

filtered against the noise effect2 of primary photocurrent. The

operating current of the tunnel diode is biased at some value less

than that required to shift the operating point from the low forward-

voitage stace to the high forward-voltage state. An input signal of

sufficient amplitude and duretion w Ill shift the operating point to

the high forward-voltage state and thus be "detected". The filter

capacitor prevents intense narrow pulse-widths of induced primary

photocuz.,_nt from falsely switching the turnel diode. The radiation-

induced gain degradation problem in transistors is eliminated, by

this sample/hold circuit technique, through use of the bistable tunnel

diode configuration.

Resistor R4 Is the bias resistor selected in value to bias

the tunnel diode at a quiescent operating current, below the threshold

current, by a value equal to that provided by the clock input signal

plus the data input signal. Capacitor C1 and resistor R5 proside

coupling for the clock Input signal.

Resistors Rl, R2, and R3 and computer diode C1 form the

input circuit which couples the data input signal to the basic filtered

threshold detector. Diode D1 acts as a nonlinear clamp that prevents

an "oversignal" from triggering the threshold detector even in the

absence of z clock signal input.
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Resistor R6 provides impedance isolation between the titn.el

diode and the monitoring device connected to the output of tha sample/

hold circuit. Capacitor C3 is a filter capacitor on the ot.tput lead

to prevent external noise from being picked up, and app-iting as a

false signal source to the tunnel diode.

Capacicor C2 and diode D3 are the radid.ion hardening elements

in the circuit. Capacitor C acts as a high frequency filter to
2

suppress cbh unwanted primary photocurrent induced at the plate side

of the silicon tunnel diode D The value of C2 is chosen as large as

possible without suppressing the 10 MC signal. Diode D3 provides

radiation hardness by means of the ":ompensation" technique. The

primary photocurrent induced at the cathode of D3 is of a polarity to

cr.ose or cAncel the primary photocurrent induced at the plate of

diode 0D2. Compensating diode D3 is selected on the basis of having an

induced primary photocurrent equal in magnitude, insofar as possible,

to that induced in tunnel diode D2.

4.6 Charge Control

A mejor contribution to circuit disturbance from transient

radiation is caused by the change of cbarge on capacitors due to

ionization of the capacitor dielectric 6 )  By reducing the energy

stored in the capacitors, the response can be reduced.

Leakage occurs in capacitors both during and after irradia-

tion. The component of leakage existing aftet the ionization caused

by the prompt gamma spike is, in general, much less severe than that

experienced during irradiation. Examination of the significance of

the prompt leakage ofa capacitor upon circuit transients leads to

several important conclusions.
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Consider the equivalent circuit for a capacitor under irradia-

tion as shown In Figuxie 4-13. The injecteu current (1) will be

considerably less than the leakage current through leakage resistancs

(R1) in those cases when the capacitor (C) is relatively large (>O.011f)

and the applied voltage (V) is of a magnitude usually experienced in

circuits (5 to 50 volts). The injected current (1) can, therefore, be

ignored in this discussion. The leakage admittance (1/R1) during

radiation has been found to follow the relationship:

1 n K (y)'C (4-1)
R1

where

iz the radiation dose rate (rad(Si)/s)

K z 10- 5 for inorganic capacitors

C is the capecitance in farads

a has been experimentally determined to lie between 0.7 and

1.0 for most generally used capacitors.

The voltage (v) on the capacitor at any time (t) during radia-

tion will be as shown-

v - V exp K(-) (4-2)

The percentage change in the voltage on the capacitor during

a radiation impulse of constant amplitude and 0.1 s in duration is
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Sgiven by:

v 1 - e-(l )()- (100l2) (4-3)
V

If we assure a - I and solve for the dose rate at which (ftlv)7. - 10L,

we find -hat:

r v 01 (4-)ln (o.9),'1 = -jp(44

or

O11
= 1.5 x 10 rad(S!)/s

It is important to notice that the percentage discharge in the

voltage acrcqs the capacitor is independent of the capacitor value

(from Eqdation 4-2). This fact is verified experimentally by the data

shown in F4 gure 4-14 in which a number of capacitor responses are

normalized and plotted against the capacitor sizes. It should be noted

that the capacitor values range over two orders of magnitude while the

change in voltage on the capacitors deviates from a constant by only

20 percent. All capacitors tested used the same dielectrIc so that K

did not change between units.
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From Equation 4-2 it can be seen that .be transient voltage

developed (v) will be zero if the quiescent voltage (V) on the capacitor

is also zero. In fact, the direction and magnitude of the transient

may be changed at will be changing V. A technique for reduciug circuit

disturbances where V is a design value is immediately obvious. That

is, in any circuit where the frequency response is shaped by an RC

time constant, the gama transient response of the capacitor can be

reduced significantly by reducing the quiescent voltage and, therefore

the stored energy in it to zero. Figure 4-15 shows the responsL

observed at the collector of transistor Q. Ahen the coupling capacitor,

C2, of Figure 4-16 was exposed to transient ionizing radiation and the

initial voltage on the capacitor changed from +28 volts dc (bottom

trace) to -12 volts dc (top trace). The circuit response is seen to

vanish where the initial voltage on the capacitor is zero.

4.7 Reducing Time Constants

Three general methods may be employed to harden linear

amplifiers to ionizing radiation. These methods are:

. Reduce electrical settling time or overload time to the

same order as that of the prompt gamma transient.

. Reduce component effects by careful selection of radiaion

insensitive deviceu.

" Keep current levels high and impedances low wherever

possible.

The innediate result of the first method is to reduce the time

duration of the radiation-induced circuit disturbances to the same time
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regime as that of individual cc.zponenta. Some of the most commonly

used circuit configurations exhibit prolonged radiation recovery.

To observe the effects of the many time constants present in typical

linear amplifier circuits, one need only examine the circuit transition

from de-energized condition to operating condition when power is

applied. While this test is rather severe, it does indicate the

circuit arear which are responsible for long circuit relaxation periods.

The circuit time constants which determine the transition to

operating conditions (typically coupling and bypass capacitors, trans-

formers, etc.) are also those which determine the reco-ery mode from

radiation disturbance. Of particular interest, are ..he time constants

associated with the first stages of an amplifier since their effects

are greatly exaggerated by circuit gains. The elimination of such time

constdnts, as a possible hardening technique, places some reatrictions

in the circuit designer. However, seldom are these rLstrictions so

severe as to preclude efficient design. It is almost always practical

tv directly couple stages in order to eliminate coupling capacitors

and to employ differential stages to eliminate bypass capacitors. The

frequency response shaping accomplished by the coupling and bypass

capacitors may be performed in following stages or, preferably, at

the amplifier output. If all time constats (or at least those associ-

ated with the low frequency response of the amplifier) are transferred

to the circuit output, minimum settling time or overload recovery time

will result. The circnit disturbance duration, in front of the

frequency shaping networks, will be reduced to nearly that of the

individual components.

From this point, further gains in hardness may be obtained by

using the best available components and reducing the relative magnitude
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of radiation responses with respect to nominal signal levels. Low

circtsit impedances will reduce the relative effects of ionization

leakage paths. Normally high operating signal currents will tend to

minimize the effects of replacement currents. Employment of linear

cancellation currents or common-mode rejection techniques may afford

some further hardness, but are not ccnsidered as primary hardening

techniques, since results are quite erratic because of sensitivity

to geometry and Individual device responses.

4.8 Magnetic Devices

Since magnetic devices are very radiation resistant, they

offer many advantages in radiation hardened circuit design. A few

of the design techniques are listed below:

Inversion - The common emitter amplifier is normally

used to invert ac signals. The transient response of

the common emitter stage can be eliminated by using a

transformer to invert the ac signal.

Memory - A conventional bistable flip-flop may use a

square loop memory core to provide memory action

after the transieut radiation disturbance.

Differential - A differential transformer can perform

the same algebraic subtraction as any differential

bipolar transistor circuit with less effects from

the ionizing radiation.

4.9 Su.ma rv

A summary of the potentially vulnerable situations that may
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occur in circuits and other areas of concern is presented in Table 4-2.

It is assumed that the basic hardening technique of component selection

has already been applied based on guidelines given in the sections

discussing the specific component areas.

TABLE 4-2. Possible Radiation Hardening Techniques

Vulnerable Situation
(Radiation Induced) Possible Fixes

Short circuits in complimentary - Current limit energy source
pair transistors (dc-dc converters, - Add current limiting resistors

encoders, complimentary drivers) or magnetic circuitry

Sneak short circuit paths in - Current limit power supplies with resistors
integrated circuits and excessive and/or reactors
substrate currents - Use dielectric isolated ICIs

Energy storage elements shunted - Add current limiting resistors
by back biased semiconductors - Redesign capacitor input

filters

Oscillator and flip-flop sticking* - Insure self starting after
radiation transient

Series pass transistor overload - Add current limiting
in regulators - Circumvent - shunt away excess

current

Abnormal sequencing - Circumvent - do not allow
any abnormal forcing

- Automatic reset

Memory disturbances - Reacquisition
- Circt:mvention
- Hard memory

Integrated circuit latch-up - Radiation screening
- Power shut down
- Use dielectric isolation

Prolonged circuit recovery - Reduce time constants
- Keep c'irrerts high and

impedances low

*Sticking is failure to restart

or reset after irradiation
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